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Tendinopathy is a medical condition that includes a spectrum of inflammatory and degenerative tendon changes caused by traumatic or overuse injuries. The pathological mechanism of tendinopathy has not been well defined, and no ideal treatment is currently available. Platelet-rich plasma (PRP) is an autologous whole blood derivative containing a variety of cytokines and other protein components. Various basic studies have found that PRP has the therapeutic potential to promote cell proliferation and differentiation, regulate angiogenesis, increase extracellular matrix synthesis, and modulate inflammation in degenerative tendons. Therefore, PRP has been widely used as a promising therapeutic agent for tendinopathy. However, controversies exist over the optimal treatment regimen and efficacy of PRP for tendinopathy. This review focuses on the specific molecular and cellular mechanisms by which PRP manipulates tendon healing to better understand how PRP affects tendinopathy and explore the reason for the differences in clinical trial outcomes. This article has also pointed out the future direction of basic research and clinical application of PRP in the treatment of tendinopathy, which will play a guiding role in the design of PRP treatment protocols for tendinopathy.
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1 INTRODUCTION
A tendon is a dense connective tissue that connects muscle to bone. It comprises bundles of parallel collagen fibers that can carry tensile loads. The tendon has the function of stabilizing the joint and realizing the joint motion. Therefore, it is usually subjected to heavy mechanical loads that may lead to injury and dysfunction (Millar et al., 2021). Tendinopathy is a common musculoskeletal disorder that is more likely to occur in professional athletes or the middle-aged and elderly population participating in sports. Tendinopathy is characterized by pain, swelling, and dysfunction of the tendon and peritendinous tissue, with the accumulation of lipids, proteoglycans, and calcium in the tendon (Nourissat et al., 2015a). Eventually, tendinopathy will lead to long-term or permanent deficits in the patient’s motor system function. The incidence of tendinopathy has been increasing around the world since the 21st century. About 30% of current clinical consultations for musculoskeletal disorders involve tendinopathy, and about 16.4 million people seek medical intervention each year in orthopedic clinics in the United States alone (James et al., 2008; Macedo et al., 2019). To date, the pathological mechanism of tendinopathy has not been clarified. Research progress in tendinopathy lags behind that in inflammatory arthritis, osteoarthritis, and other motor system diseases. Current hypotheses on tendinopathy pathogenesis describe tendinopathy as a degenerative or failed healing process (Cook and Purdam, 2009; Cook and Purdam, 2021). Degenerative pathology emphasizes apoptosis and matrix degradation of the affected tendon tissue (Cook and Purdam, 2009). Failed healing pathology is characterized by an excessive amount of non-collagenous extracellular matrix, collagen fiber disruption, chronic inflammation, and disordered arrangement of neovascularization within the tendon (Cook and Purdam, 2009). The scar tissue is formed by the deposition of a large number of interlaced or disordered collagen fibers. This will negatively affect the reconstruction of tendon structure and the recovery of tendon biomechanical characteristics, leading to a higher probability of secondary tendon injury (Katzel et al., 2011). Furthermore, scar tissue can cause adhesion and contraction of the tendon, which will significantly impair the inherent function of the tendon and limit the motion range of the joint (Wong et al., 2009).
Treatment of tendinopathy usually requires clinical intervention. The blood and nutrition supply of tendon is not abundant, and neurotrophin and is always in a high-stress state, which leads to limited self-healing ability. Achilles tendinopathy, patellar tendinopathy, rotator cuff tendinopathy, and lateral elbow tendinopathy are the most common tendinopathy without ideal treatment currently available (Ruan et al., 2021). The clinical treatment strategies of tendinopathy are mainly based on non-surgical treatments, including cold therapy, rest, fixation, non-steroidal anti-inflammatory drug therapy, rehabilitation therapy, and extracorporeal shock wave therapy, to relieve the pain and slow the progress of the degenerative process (Andia et al., 2018). However, most conservative therapies can only be effective in the short term with suboptimal long-term outcomes. Approximately 24%–45.5% of patients eventually require surgical treatment to relieve pain and recover tendon function (Roche and Calder, 2013; Schemitsch et al., 2019). Surgical repair of the tendon can cause complications, such as wound infection, tendon stiffness, adhesions, pain, and swelling. A significant proportion of patients are at risk of re-tearing (Chung et al., 2013; Brockmeyer et al., 2015). Therefore, it is necessary to deeply investigate the pathological process of tendinopathy and the mechanism of tendon healing to update the current treatment therapy. In recent years, platelet-rich plasma (PRP) has emerged as a popular option for the treatment of motor system diseases, including tendinopathy (Zhou and Wang, 2016). The platelet concentration in PRP is usually five times the physiological plasma level (100–300 × 109 cells/L), which can form a local cytokine-rich microenvironment for tendon regeneration (Basdelioglu et al., 2020; Lyu et al., 2021). After activation, platelets in PRP release a variety of growth factors, including platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), insulin-like growth factor-I (IGF-I), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF) (Alsousou et al., 2013). PRP can improve the microenvironment of the degenerative tendon by inducing cell recruitment, proliferation, and differentiation, promoting collagen fiber formation and angiogenesis, and regulating inflammation (Scheme 1). In addition to platelets, PRP contains components such as plasma, leukocytes, and residual erythrocytes, which can synthesize and release some bioactive factors. Neutrophils and monocytes are the most significant leukocytes in PRP. They can release a series of pro-inflammatory mediators, such as peroxidases, matrix metalloproteinases (MMPs), interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α), and growth factors, such as platelet-activating factor (PAF), TGF-β, VEGF, and EGF (Lyu et al., 2021; Lin et al., 2022). These cytokines can modulate the inflammation of tendinopathy and positively affect tendon healing. PRP can be further divided into leukocyte-poor PRP (LP-PRP) and leukocyte-rich PRP (LR-PRP) according to its composition. LP-PRP has a low platelet content, only 1.5–3 times the baseline level, and contains few erythrocytes and leukocytes (Le et al., 2018). However, LR-PRP usually has high platelet content, 3–8 times the baseline level, and a high leukocyte count (Le et al., 2018).
[image: Scheme 1]SCHEME 1 | Therapeutic effects of platelet-rich plasma (PRP) for tendinopathy. For chronic tendinopathy, PRP has the therapeutic potential to promote cell proliferation and differentiation, regulate angiogenesis, increase extracellular matrix synthesis, and modulate inflammation. Therefore, PRP has been widely used in the clinical practice of tendinopathy treatment.
PRP is derived from autologous whole blood and does not present a risk of immune rejection. A large number of basic experiments have proven that for tendinopathy, PRP has the therapeutic potential to modulate inflammation, stimulate angiogenesis, promote cell proliferation, and increase extracellular matrix synthesis (de Mos et al., 2008; Kajikawa et al., 2008; Zhang and Wang, 2010b; Zhang et al., 2013). However, the clinical efficacy of PRP for tendinopathy is not always satisfactory. Several clinical trials and meta-analyses have shown that PRP therapy does not improve the prognosis of tendinopathy compared with the control groups (Chahal et al., 2012; Saltzman et al., 2016; Filardo et al., 2018). The pathological mechanisms of tendinopathy and the process of tendon healing were reviewed in this article to better understand how PRP affects tendinopathy and explore the reason for the differences in clinical trial outcomes. On this basis, the specific molecular and cellular mechanisms by which PRP manipulates tendon healing were integrated. Finally, we present a critical analysis of the available basic and clinical trial results. We have also pointed out the future direction of basic research and clinical application of PRP in the treatment of tendinopathy, which will play a guiding role in the design of PRP treatment protocols for tendinopathy.
2 PHYSIOLOGY AND PATHOLOGY OF TENDON
2.1 Molecular and cellular composition of tendon
Oligovascularity, hypocellularity, and abundant extracellular matrix are unique histological features of the tendon. The tight parallel arrangement of the extracellular matrix within the tendon determines its unique morphology and biomechanical properties. The extracellular matrix mainly includes three types of organic macromolecules: collagen, proteoglycans, and glycoproteins (Citeroni et al., 2020). Collagen is the main substantial component of the tendon extracellular matrix, accounting for 60%–85% of the dry weight of the tendon (Kannus, 2000). Type I collagen is the major component of collagen fibers and accounts for 95% of the total collagen in the tendon (Kannus, 2000). Type I collagen comprises three helical polypeptide chains that initially aggregate to form microfibers. The microfibers further aggregate to form collagen fibers that are considered the basic mechanical transfer unit of the tendon. The collagen fibers eventually aggregate to form a bundle of collagen fibers wrapped by the connective tissue sheaths (i.e., the endotendineum and the epitendineum) (Killian et al., 2012), which form a complete tendon structure. Type III collagen is the second most abundant collagen fibers after type I collagen in the tendon. Type III collagen is small, immature, and unstable; it cannot provide good mechanical support for the tendon (Thorpe and Screen, 2016). Under normal circumstances, type III collagen is mainly found in the endotendineum and epitendineum, but it is present in large amounts in scar tissue formed early in the healing process of the injured tendon (Masuda et al., 2002; Yoshida et al., 2003). The content of type III collagen can be up to 20%–30% in the scar tissue (Masuda et al., 2002; Yoshida et al., 2003). Increased levels of type III collagen relative to type I collagen in the tendon will inhibit collagen fiber growth, causing adhesion and scar tissue formation. This will also reduce the ability of the tendon to transmit stress and increase the risk of tearing. In addition, there are many other types of collagen in the tendon, such as types V, XII, and XIV. They play an important role in forming collagen fibers and linking type I collagen to other extracellular matrices (Riley, 2004; Banos et al., 2008). Furthermore, the tendon contains many kinds of proteoglycans adhering closely to collagen. Decorin is a vital component of proteoglycans, accounting for about 80% of the total amount of proteoglycans in the tendon. Decorin helps collagen fibers adapt to the tensile load and plays an important role in tendon development (Thorpe et al., 2013). Other types of proteoglycans, such as biglycan and fibromodulin, exist in small amounts within the tendon. They are combined with type I collagen to form mature collagen fibrils and enhance the mechanical strength of the tendon (Derwin et al., 2001). Proteoglycans carry a large number of negative charges. They can attract and bind to water molecules to form an aqueous gel, affecting the viscoelasticity of the tendon and helping resist compression. Glycoproteins are formed by the glycosylation of proteins, with a similar structure to proteoglycans but with few branching parts. Glycoproteins play a significant role in linking tendon cells to extracellular matrix molecules (O'Brien, 1997). Among glycoproteins, elastin is more common and is usually combined with type I collagen as the main component of elastic fibers. Elastin assists in the storage of elastic potential energy when the tendon is subjected to stress (Kielty et al., 2002). Glycoproteins also include fibronectin, tenascin C, and cartilage oligomeric matrix protein, which interact with collagen or other matrix components to promote tendon repair and improve tendon mechanical stability after injury (Sharma and Maffulli, 2005).
Tenoblasts and tenocytes are two types of tendon-specific cells, accounting for 90%–95% of all cells in the tendon. They are important for tendon development, extracellular matrix synthesis and turnover, and tendon homeostasis maintenance (Chuen et al., 2004b; Citeroni et al., 2020). Tenoblasts mainly exist in the endotendineum and are in a relatively low differentiation state, with a round appearance and large and oval nucleus. Tenoblasts play a dominant role in tendon development and maturation and can transform into tenocytes (Pennisi, 2002; Chuen et al., 2004a). Tenocytes are derived from the terminal differentiation of tenoblasts and are similar to fibrocytes, with a spindle-shaped appearance, long nucleus, and thin cytoplasm (Russo et al., 2015). Tenocytes are widely distributed within the tendon and colonize among collagen fibers. They precisely regulate the synthesis and breakdown of the extracellular matrix and maintain homeostasis of the tendon. In the case of stress stimulation or tendon injury, tenocytes can mediate tendon repair by increasing the extracellular matrix level through complex signaling pathways (Giordano et al., 2020). In addition, gap junctions between tenocytes enable the exchange of nutrients, signaling molecules, and electrical signals. Thus, tenocytes can coordinate the biological behavior and form a cell communication network within the tendon (McNeilly et al., 1996; Willecke et al., 2002). Bi et al. (2007) discovered the tendon stem cell (TSC), a new type of tendon cell, in the human hamstring tendon. Studies have shown that TSCs have the classic properties of mesenchymal stem cells, such as the presence of specific surface antigens and the ability to self-renew and differentiate into three lineages (i.e., lipogenesis, osteogenesis, and chondrogenesis) (Docheva et al., 2015). Meanwhile, TSCs can express tendon-related genes and form a tendon or tendon-like tissue after in vivo implantation (Docheva et al., 2015). The exact role TSC plays in maintaining tendon homeostasis and tendon healing remains uncertain, as well as the exact association among TSCs, tenoblasts, and tenocytes. However, TSCs are still regarded as a potential source of stem cells in tendon healing (Zhang and Wang, 2010a; Zhang et al., 2010; Ruzzini et al., 2014). Additionally, endothelial cells and smooth muscle cells in blood vessels, chondrocytes in insertion sites, and synovial cells in the endotendineum and epitendineum exist within the tendon (Walden et al., 2017) (Figure 1).
[image: Figure 1]FIGURE 1 | Macrostructure and microcomponent of tendon. The tendon sub-structures (e.g., fascicle, fiber, fibril, and tropocollagen) are illustrated with relative dimensions thereof in a healthy tendon. Microcomponents of the tendon encompass four distinct compartments. The stromal compartment includes tissue-resident tenocytes and matrix components, which are essential for tissue remodeling and repair. The immune compartment involving T cells, dendritic cells, mast cells, and macrophages responds to initial tissue insult through damage-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs). The neural compartment, which in the homeostatic state plays a role in proprioception, interacts with mast cells to modulate adaptive responses in the normal tendon. Although most tendons are poorly vascularized, they respond to hypoxia by secreting angiogenic factors that induce the growth of neovessels, which comprise the vascular compartment (Lipman et al., 2018; Millar et al., 2021).
2.2 Pathogenesis of tendinopathy
Tendinopathy is an injury to a tendon (as from acute trauma or chronic overuse) that is often accompanied by pain, weakness, inflammation, or stiffness (Wu et al., 2017) (Scheme 2). The affected tendons are gray-brown in color, with the original structure destroyed. The matrix components change pathologically. The mechanical properties are weakened. There are clinical features of stiffness, adhesion, functional impairment, local swelling, and pain (Steinmann et al., 2020). Unlike acute tendon injury, which occurs in bursts of intense pain and loss of function, chronic tendinopathy often results in progressive pain and loss of tendon function (Wu et al., 2017). The slow-onset process of tendinopathy may delay the diagnosis of symptoms and ultimately lead to a poor prognosis. With the development of the etiology of tendinopathy, many risk factors associated with tendinopathy have been identified.
[image: Scheme 2]SCHEME 2 | Summarization of underlying biological mechanisms involved in the progression of chronic tendinopathy. Tendinopathy is a medical condition including traumatic or overuse injuries and a spectrum of inflammatory and degenerative tendon changes. The process of angiogenesis and neurogenesis is activated, leading to inflammation and pain. Tendon stem cell receives pathological signals and enters the abnormal differentiation pathway. The balance between matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) within tendons is also disrupted. The loss of matrix integrity by reduction of total collagen content and augmentation of type III/type I collagen ratio is revealed in pathological tendons. The chronic degenerative tendon has a high level of vascular endothelial growth factor (VEGF) and a large amount of disordered neovascularization attributed to hypoxia and excessive mechanical loading.
The risk factors are generally divided into external, internal, and environmental factors. Different risk factors may be present in different patients, either individually or simultaneously. External factors include tendon overloading, short-term changes in the volume or type of the load, and improper training practices (e.g., the use of inferior equipment or short intervals between repeated loads) (Li and Hua, 2016). Acute loading injury, repeated mechanical injury, and overuse of the tendon caused by external factors are considered the key predisposing factors for tendinopathy (Steinmann et al., 2020). Internal factors related to tendinopathy have obvious individual differences, including age, sex, weight, genetic factors, hormone levels, immune function, and previous medical history (e.g., obesity, hypercholesterolemia, diabetes, hyperlipidemia, and arthritis) (Kjaer et al., 2009; Scott et al., 2015; Leblanc et al., 2017). These internal factors can change the mechanical properties, decrease the load tolerance, and regulate the repair response of the injured tendon. Environmental factors associated with tendinopathy include daily living and working environment, malnutrition, smoking, alcohol abuse, temperature (over low ambient temperature), and pharmacological factors (fluoroquinolones and quinolones, corticosteroid, aromatase inhibitors, and statins) (Scott et al., 2015; Knobloch, 2016).
Tendinopathy-related risk factors will initiate tendinopathy, leading to progressive loss of intrinsic cells and matrix components of the tendon through abnormal cell–cell and cell–matrix communication, eventually resulting in tendon rupture. Angiogenesis and neurogenesis are activated during this process, leading to inflammation and pain (Steinmann et al., 2020). The TSC receives pathological signals and enters the abnormal differentiation pathway, resulting in tendon thickening and calcification (Steinmann et al., 2020). Disruption of the balance between MMPs and the tissue inhibitor of matrix metalloproteinases (TIMPs) plays a key role in the process of tendon degeneration (Jones et al., 2006; Del Buono et al., 2013). The loss of matrix integrity (i.e., reduction in total collagen content and augmentation of type III/type I collagen ratio) is revealed in pathological tendons (Riley et al., 1994a; Riley et al., 1996; Tillander et al., 2002). The chronic degenerative tendon exhibits a high level of VEGF and a large number of disordered neovascular attributed to hypoxia and excessive mechanical loading (Lakemeier et al., 2010; Bosch et al., 2011; Andarawis-Puri et al., 2015).
At present, the main hypothesis of tendinopathy includes degenerative and failed healing pathologies. Degenerative pathology emphasizes apoptosis and matrix degradation of the affected tendon tissue. Failed healing pathology is characterized by an excessive amount of non-collagenous extracellular matrix, collagen fiber disruption, chronic inflammation, and disordered arrangement of neovascularization within the tendon. Cook and Purdam (2009) combined the main ideas of the degenerative pathology hypothesis and the failed healing pathology hypothesis. They proposed that tendinopathy is a continuous process and creatively built a continuum model of tendinopathy (Cook and Purdam, 2009). The continuum model divides the pathological process of tendinopathy from normal tendons to ruptured tendons into three consecutive stages: early reactive tendinopathy, tendon disrepair, and degenerative tendinopathy (Cook and Purdam, 2009). Early reactive tendinopathy, occurring after acute stress or trauma, is characterized by a non-inflammatory proliferative response of cells and matrix. During this period, the tendon attempts to reduce the stress effect per unit area through adaptive and relatively uniform thickening. Tendon disrepair, in which the matrix is severely degraded, is accompanied by a massive increase in the number of cells and the production of new proteins (e.g., proteoglycans and collagen). In the later degenerative tendinopathy, the pathological changes in tendon structure and composition are serious and eventually progress to an irreversible stage. As a result of cell apoptosis, tissue disintegration, severe functional impairment, or even complete failure, the degenerative tendon is prone to rupture. It should be noted that the tendon affected by tendinopathy may simultaneously exhibit different stages of pathological processes. The continuum model lays the foundation for clinicians to assess the pathological progression of tendinopathy and provide targeted therapy for the specific pathological stage. In addition, the model can be continuously evaluated and modified in combination with the researchers’ clinical, histological, and imaging information.
2.3 Healing mechanism of injured tendon
The current understanding of the cellular and histologic mechanisms of tendon healing is largely based on animal models with experimentally induced tendon injury (Carpenter and Hankenson, 2004; Warden, 2007). The cellular mechanisms of tendon healing include extrinsic and intrinsic healing mechanisms, which are considered to act synergistically in the process of tissue repair (Kajikawa et al., 2007; James et al., 2008). After a tendon injury, inflammatory cells and fibroblasts from the tendon sheath and blood circulation are attracted to the damaged sites by chemokines, causing cell infiltration and adhesion. Subsequently, the intrinsic cells colonizing the tendon are activated. They migrate to the damaged site, proliferate massively, and express a variety of extracellular matrices. They reconstruct the extracellular matrix and form a vascular network during tendon healing. It is noteworthy that compared with the extrinsic repair mechanism, the intrinsic repair mechanism reduces tissue adhesion and, in a sense, preserves the tendon sliding properties within the sheath (Lipman et al., 2018). This could be attributed to the trait differences in extracellular matrix synthesis and proliferation traits of tenocytes or fibroblasts of different origins (Lipman et al., 2018).
In general, the healing process of the injured tendon can be divided into three main stages in terms of histological characteristics: inflammation, proliferation, and remodeling (Voleti et al., 2012; Andarawis-Puri et al., 2015) (Table 1). These three stages could partially overlap in time and space. The duration of each stage depends on the location and severity of the lesion. Inflammation occurs within 48 h after tendon injury and starts with hematoma formation (Chisari et al., 2021). Activated platelets release clotting factors to initiate the coagulation cascade through degranulation. They also secrete a variety of growth factors and bioactive substances to increase capillary permeability, induce inflammatory cells, and initiate an acute inflammatory response (Kaux and Crielaard, 2013; Marques et al., 2015). Subsequently, the inflammatory cells, including neutrophils, macrophages, and mast cells, migrate to the damaged site, clear the blood clots and necrotic tissue, and further secrete pro-inflammatory cytokines to exacerbate the inflammatory response (Schultz et al., 2003). In addition, platelets and inflammatory cells secrete angiogenic factors that promote angiogenesis and mediate the formation of a disordered neovascular network within the tendon (Tempfer and Traweger, 2015). This is critical for the subsequent healing process and the maintenance of extracellular matrix homeostasis. The damaged tendon enters the proliferation stage after an acute inflammatory response, which is characterized by cellular and extracellular matrix hyperplasia (Nourissat et al., 2013). The proliferation stage lasts for 4–6 weeks. Circulating-derived mesenchymal stem cells, fibroblasts, and TSCs migrate to the affected site and are activated to enter the cell cycle (Chisari et al., 2019). Macrophages convert from type M1 to type M2 and produce large amounts of extracellular matrix together with tenocytes, including collagens and proteoglycans (Li et al., 2021). Much immature and unstable type III collagen is synthesized and forms scar tissue in a disorderly arrangement (Del Buono et al., 2011; Nourissat et al., 2013). Glycosaminoglycan regulates the concentration of water molecules to form local edema within the tendon (Del Buono et al., 2011; Nourissat et al., 2013). At this stage, the tendon exhibits edema, enlargement, a slight increase in mechanical properties, and persistent, intermittent, or activity-related pain (D'Addona et al., 2017). The remodeling stage begins 6–8 weeks after the injury and lasts 1–2 years. This stage is characterized by reduced cell proliferation and extracellular matrix synthesis, replacement of type III collagen with type I collagen, increased cross-linking of collagen fibers and fibrosis, decreased number of capillaries, mature vascular network, and eventual formation of mature tendon tissue (Sharma and Maffulli, 2006). In most patients, especially the middle-aged and elderly, disordered extracellular matrix, impaired collagen fiber integrity, and an increased ratio of type III to type I collagen occur after tendon injury or degeneration. This results in the thickening and hardening of the tendon, with less mechanical strength and mobility than the healthy one.
TABLE 1 | Tendon repair process in humans.
[image: Table 1]Tendon healing involves a complex cascade of cytokines. These cytokines originate from platelets, inflammatory cells, endothelium cells, tenocytes, tenoblasts, or TSCs. They are released when stimulated by specific extracellular signals (Citeroni et al., 2020). These cytokines can bind to specific receptors on the target cell membrane and regulate intracellular levels of DNA transcription and translation. Several healing processes, such as cell chemotaxis, proliferation, differentiation, apoptosis, and extracellular matrix turnover, are directly affected (Citeroni et al., 2020). Notably, cytokines play a key role only in the inflammation and proliferation stage. During the inflammation stage, pro-inflammatory cytokines (e.g., IL-6, IL-1β, and TNF-α) and growth factors (e.g., bFGF, TGF-β, PDGF, IGF-I, and VEGF) are mainly released by inflammatory cells and platelets to regulate the early inflammatory response (Battery and Maffulli, 2011; Del Buono et al., 2011). During the reparative stage, growth factors, such as PDGF, TGF-β, VEGF, EGF, IGF-I, and HGF, are mainly secreted by the intrinsic cells of the injured tendon to promote proliferation (Voleti et al., 2012). Considering the critical role of cytokines in tendon healing, the administration of exogenous cytokines, such as PRP, has evolved as one of the potential therapies for the treatment of tendon injury.
3 PRP-INDUCED REGENERATION OF DEGENERATIVE TENDON
3.1 Promotion of tendon cell differentiation and proliferation
After being activated, PRP forms a blood clot that can release a variety of growth factors at high concentrations, including PDGF, TGF-β, HGF, FGF, IGF-I, EGF, and high mobility group protein 1 (HMGB1) (Table 2). Therefore, PRP has the function of inducing tendonogenic differentiation of TSCs, promoting the migration and proliferation of TSCs and tenocytes. The binding of PDGF-BB to PDGF receptors can initiate a series of signaling pathways, including Ras-MAPK, PI3K, PLCγ, and JAK, impacting chemotaxis, mitosis, and angiogenesis during tendon healing (Evrova and Buschmann, 2017). Specifically, neutrophils and macrophages can be induced to converge on the lesion site and degrade tissue debris by PDGF-BB (Evrova and Buschmann, 2017). Furthermore, PDGF-BB can also stimulate tenocyte migration and proliferation, collagen synthesis, and angiogenesis, thereby improving the mechanical properties of the tendon (Evrova and Buschmann, 2017). The activation of the TGF-β signaling pathway can induce the tendonogenic differentiation of TSCs, regulate the metabolism of tenocytes, and stimulate the proliferation of TSCs and tenocytes (Nourissat et al., 2015a). In addition, TGF-β is a crucial growth factor that can regulate the production of collagen and other extracellular matrix, which is closely linked to fibrosis and scar formation in tendinopathy (Katzel et al., 2011). In the classical TGF-β signaling pathway, TGF-β binds to the TGF-β type I or type II receptor on the cell surface to form a ligand–receptor complex, activating the downstream Smad protein and regulating gene transcription and translation (Li et al., 2022). Among them, TGF-β1 can upregulate the levels of Scleraxis (Scx) and Mohawk (Mkx) genes and induce tendonogenic differentiation of TSC, whereas TGF-β2 can stimulate collagen type I alpha 1 (COL1A1) and Scx gene expression (Zhang et al., 2018). Recent studies have shown that TGF-β can also transmit signals through various MAPK pathways, collectively known as non-Smad signaling pathways (Zhang, 2017). HGF can promote the proliferation and migration of TSCs by activating HGF/c-Met, MAPK/ERK1/2, and PI3K/AKT signaling pathways (Han et al., 2019). HGF can also hamper the osteogenic differentiation of TSCs by inhibiting the BMP/Smad1/5/8 signaling pathway (Han et al., 2019). It can also improve the biological activity of the tenocyte, regulate the expression of the extracellular matrix, and enhance the biomechanical properties and migration ability of the degenerative tendon (Zhang Z. et al., 2021). Furthermore, bFGF not only induces fibrotic differentiation of circulating mesenchymal stem cells but also stimulates TSC proliferation and accelerates tendon-to-bone healing (Wei et al., 2008; Yuan et al., 2013). In vitro studies have shown that IGF-I and EGF can stimulate fibroblast migration and proliferation (Chan et al., 1997; Throm et al., 2010). Zhang J. et al. (2021) showed that in addition to releasing multiple growth factors, PRP can modulate tendinopathy inflammation and induce stem cell migration to injury sites by releasing platelet-derived HMGB1, thereby promoting the healing process. PRP does not provide a single growth factor but rather a proportional combination of multiple growth factors. Therefore, growth factors released by PRP could amplify their therapeutic effects in promoting cell proliferation and differentiation through synergistic actions, but they also could exert adverse effects through antagonism (Docheva et al., 2015). Furthermore, the plasma component of PRP contains fibrinogen and other coagulation factors. The activated PRP can form a temporary fibrin network as a three-dimensional biomaterial scaffold for cell migration, adhesion, and proliferation (Xie et al., 2014).
TABLE 2 | Growth factors involved in cell recruitment, proliferation, and differentiation.
[image: Table 2]TSCs play an important role in tendon healing and tendinopathy. Under physiological conditions, TSCs can differentiate into tenocytes and migrate to the injury site to synthesize extracellular matrix. In degenerative tendinopathy, hazardous factors such as excessive mechanical loading, chronic inflammation, and abnormal tissue microenvironment could induce TSCs to differentiate into chondrocytes, osteoblasts, or adipocytes (Zhang X. et al., 2016). Aberrant differentiation of TSCs not only causes tendons to exhibit steatosis or heterotopic ossification, but also highly depletes the tendinous stem cell pool and indirectly reduces the number of tenocytes at the lesion site (Zhang X. et al., 2016). This view is supported by several basic experiments. Compared with TSCs from the healthy tendon, TSCs from the collagenase-induced tendinopathy site exhibit lower expression of tendonogenic markers and higher expression of osteogenic and chondrogenic markers, with lower proliferation and higher senescence rates (Rui et al., 2013). TSCs of biglycan and fibromodulin double-knockout osteoarthritis model mice rather than wild-type mice exhibit decreased expression of tendonogenic markers Scx and type I collagen, increased expression of chondrocyte markers type II collagen and aggrecan, and a significant change in cellular function (Bi et al., 2007). The self-renewal capacity of TSCs from aged/degenerated human Achilles is significantly reduced, but they still retain the potential for multidirectional differentiation (Kohler et al., 2013). The size and adaptive function of the TSC pool from aged/degenerated tendon tissues are remarkably decreased (Kohler et al., 2013). Therefore, adequate and functional TSC is essential for tendon healing, which is one of the key targets of PRP in the treatment of tendinopathy.
Cell culture experiments have shown that PRP-clot releasate (PRCR) could induce the differentiation of TSCs into tenocytes (Zhang and Wang, 2010b). TSCs cultured with PRCR exhibit a fibroblast phenotype, highly expressing tendonogenic genes rather than fat, cartilage, and bone-related genes (Zhang and Wang, 2010b). PRP also substantially increases the number of tenocytes in the culture mediums. These tenocytes highly express α-SMA and type I and type III collagen with robust proliferation and collagen-producing potential (Zhang and Wang, 2010b; Zhou et al., 2015) (Figure 2). Flow cytometry analysis has shown that for TSCs cultured in isolation, the administration of PRCR increases the number of type I and III collagen-expressing cells in a dose-dependent manner (Chen et al., 2012). Meanwhile, the number of PPARγ-, SOX-9-, and RUNX2-positive cells decreased (Chen et al., 2012). This suggests that PRCR accelerates tendon healing by stimulating the tendonogenic differentiation of TSCs and promoting extracellular matrix synthesis. At the same time, PRCR has the potential to inhibit the differentiation of TSCs into adipocytes, chondrocytes, and osteocytes. Based on this, Zhang and Wang (2014) further explored the condition and mechanism of PRCR in inhibiting the abnormal differentiation of TSCs. They found that the aberrant differentiation of TSCs was significantly inhibited when cultured in 10% (volume/volume) PRCR without any pretreatment. However, for TSCs pretreatment with non-tendonogenic media for 2 days, PRCR could only significantly inhibit the chondrogenic differentiation and slightly inhibit adipogenic and osteogenic differentiation. Finally, PRCR failed to reverse the abnormal differentiation of TSCs pretreated with non-tendonogenic media for 1 week. These results demonstrate that PRP cannot prevent the development of tendinopathy in the later stage, although PRP does not worsen the degenerative process. This might partially explain why PRP is not clinically effective in some patients with refractory tendinopathy. In this case, thorough tissue debridement is necessary to improve the lesion site microenvironment and induce TSCs to re-enter the tendonogenic differentiation pathway (Witt and Hyer, 2012; Gill et al., 2013). Xu et al. (2017) compared PRP–collagen–TSC constructs (PCTCs) and collagen–TSC constructs (CTCs). They found that the microstructure of PCTCs displayed more obvious microvascular and fibrous tissue characteristics than CTCs after 3 weeks in culture. After in vivo transplantation, PCTCs improved the macroscopic structure, histological characteristics, and biomechanical strength of ruptured Achilles in comparison with CTCs, with a better effect on tendon healing. Likewise, Imai et al. (2019) investigated the effects of PRP on peritendinous cells and reported that PRP could promote the migration and proliferation of peritendinous cells and induce the expression of the tendonogenic markers Scx and COL1A1.
[image: Figure 2]FIGURE 2 | Leukocyte-rich platelet-rich plasma (LR-PRP) and leukocyte-poor platelet-rich plasma (LP-PRP) induce tendon stem cell (TSC) differentiation into tenocytes. (A) Illustration of the process of two kinds of PRP and study design. (B) Morphology of TSCs in the control, Lp-PRP, and Lr-PRP groups after 14 days in culture (A–C). PRP treatment changed TSC morphology into more elongated tenocyte-like cells and increased the cell number. Immunostaining for nucleostemin and α-SMA (d-i). Nucleostemin (a stem cell marker) staining was positive in the control but negative in the PRP-treated cells. PRP treatment increased the expression of α-SMA (a marker of active tenocytes) with higher staining. (C) Western blot analysis of cultured cells in the control, Lp-PRP, and Lr-PRP groups. An intensely stained α-SMA protein band after PRP treatment validated increased the α-SMA protein level. (D) Expression of the stem cell marker gene Oct-4, Sox-9, Runx-2, and PPARγ of cultured cells in the control, Lp-PRP, and Lr-PRP groups. Oct-4 was reduced in PRP-treated cells. PRP-induced changes in the expression of non-tenocyte genes, Sox-9, Runx-2, and PPARγ, were minimal (Zhou et al., 2015).
Recently, researchers have proposed the combination of PRP and TSCs for the treatment of tendinopathy (Wang and Nirmala, 2016). PRP can provide abundant growth factors and a collagen scaffold, which can be a good biomaterial for TSC delivery. Exogenous TSCs can replenish the TSC pool and accelerate the healing process. For example, Chen et al. (2014) demonstrated that the combination therapy of PRP and TSCs promoted healing quality and improved histological and biomechanical scores in collagenase-induced Achilles tendinopathy. Meanwhile, the mRNA and protein expression levels of tendonogenic genes (type I collagen, Scx, and Tenascin C) increased (Chen et al., 2014). The FAK and ERK1/2 signaling pathway plays a key role (Chen et al., 2014).
Tenocytes are a major cellular component of the tendon and play an important role in maintaining its homeostasis. Meanwhile, they can proliferate and synthesize extracellular matrix to initiate the tendon repair process (Zhou and Wang, 2016). Anitua et al. (2005) reported that 20% PRP (volume/volume) could induce the synthesis of VEGF and HGF in tenocytes and promote tenocyte proliferation. de Mos et al. (2008) found that PRCR, compared with PPCR, further promoted tenocyte proliferation and collagen synthesis and increased the concentration of PDGF-BB, VEGF, and TGF-β1 in the medium. In vitro experiments designed by Wang et al. (2012) showed similar results. They reported that tenocytes were activated, proliferated, and collagen synthesis was stimulated by 10% (volume/volume) PRCR. Furthermore, the mRNA expression levels of Scx, type I collagen, type III collagen, and decorin were decreased, whereas the differentiation potential of tenocytes was preserved by PRCR (Wang et al., 2012). However, the tenocyte samples used in these studies were all from healthy tendons and might not fully reflect the effect of PRP on the tenocytes harvested in tendinopathy tendons. On this basis, Jo et al. (2012) investigated the effect of PRP on tenocytes from the diseased rotator cuff. They found that PRP could stimulate the proliferation of tenocytes in a dose-dependent manner; induce the expression of Scx, decorin, and tenascin C; promote the synthesis of type I and type III collagen; and increase the total amount of collagen (Jo et al., 2012). Pauly et al. (2018) also isolated tenocytes from patients with rotator cuff tendinopathy and cultured them in a medium containing autologous PRP. Their results showed that PRP increased the concentration of growth factors, such as IGF-I, TGF-β1, and PDGF-AB, in the medium compared with the control group and promoted cell proliferation and the absolute synthesis of type I collagen. Furthermore, Yoon et al. (2018) evaluated the effect of 10% (volume/volume) PRP on tenocytes from the healthy rotator cuff and the degenerative torn rotator cuff. They reported that PRP could promote the proliferation and extracellular matrix synthesis of tenocytes from both sources. However, tenocytes from the diseased rotator cuff had higher rates of cell proliferation and glycosaminoglycan synthesis, as well as a higher ratio of type I/type III collagen (Yoon et al., 2018). There are few studies on the exact mechanism of PRP in promoting tenocyte proliferation. Yu et al. (2015) reported that PRP, which contains high concentrations of TGF-β1 and PDGF, could modulate the Stat3/p27(Kip1) activity, promote the expression of cyclin–Cdk complexes, and, in turn, stimulate tenocyte proliferation.
In addition to directly promoting cell differentiation and proliferation, PRP can indirectly increase the number of cells in the lesion site by inhibiting the apoptosis of tenocytes. Platelet microparticles are tissue fragments of 0.1–1 μm in diameter, secreted by activated, stressed, or apoptotic platelets. They have been shown to enhance cell viability by activating protein kinase B through phosphorylation to inactivate B-cell lymphoma-2 (Bcl-2) associated death promoter, a member of the Bcl-2 family with pro-apoptotic effects (Burnouf et al., 2014). PRP-releasing substances, including HGF, stromal cell-derived factor-1 alpha (SDF-1α), 5-hydroxytryptamine, ADP, sphingosine-1-phosphate (S1P), IGF-I, brain-derived neurotrophic factor (BDNF), and TIMP-1, can also resist apoptosis (Gawaz and Vogel, 2013). Recently, Yu et al. (2021) evaluated the therapeutic effects of PRP-releasing substance on an injured Achilles model in rats. The results showed that the PRP-releasing substance could reduce the number of apoptotic cells at the edge of injury, promote the synthesis of collagen, and reduce the infiltration of macrophages. Compared with the control group, the rat Achilles treated with PRP could bear further mechanical loading.
The anti-aging gene Sirtuin 1 (Sirt1) is a nicotinamide adenine dinucleotide-dependent class III histone deacetylase that targets transcription factors to adapt gene expression to metabolic activity. Sirt1 is involved in telomerase reverse transcriptase and genomic DNA repair, with its participation in telomere maintenance for chromosome stability and cell proliferation. Sirt1 is also involved in cell cycle regulation, cell differentiation, cell survival, and apoptosis, with effects on nonalcoholic fatty liver disease, inflammation, energy metabolism, cognition, glucose/cholesterol metabolism, and amyloidosis. Metabolic diseases profoundly interfere with tendon health, including type 2 diabetes mellitus, dyslipidemia, chronic kidney disease, and nonalcoholic fatty liver disease (Afifi et al., 2019; Turk et al., 2020; Lin et al., 2023). For instance, chronic liver disease raises the risk of tendon disorder around 1.33-fold higher than usual (Lin et al., 2023). Tendon disorder occurs on average 3 years after being diagnosed with liver disease (Lin et al., 2023). The risk of tendon disorder increases further in this population with concurrent use of certain tendon–toxic medications, such as systemic glucocorticoids and statins (Lin et al., 2023). Therefore, Sirt1 activation is important for reversing metabolic diseases, such as nonalcoholic fatty liver disease, with relevance to tendinopathy. In addition, Simic et al. (2013) showed that Sirt1 deacetylated Runx2 and β-catenin to regulate the differentiation of mesenchymal stem cells. Sirt1 activated by resveratrol was reported to promote the osteogenic differentiation of mesenchymal stem cells by increasing Runx2 expression, facilitating its combination with PPARγ, and inhibiting the activity of PPARγ through its cofactor nuclear receptor, co-repressor 1 (Hata et al., 2003). Overexpressed Sirt1 can be anchored to NCoR1 and NCoR2, the inhibitory co-factors of PPARγ, which in turn suppress the expression of PPARγ and C/EBPα and further reduce the transformation of pre-adipocytes into adipocytes (Hata et al., 2003). In TSCs, Sirt1 is demonstrated to time-dependently promote the osteogenic differentiation by upregulating β-catenin and Runx2 and to inhibit the adipogenic differentiation by inhibiting the PI3K/AKT pathway with the downregulation of CEBPα and PPARγ (Liu et al., 2016). During the repair process of tendon injury, TSCs favor differentiation into cartilage and bone, whereas the accumulation of adipose tissue is not conducive to recovery from tendinopathy (Liu et al., 2016). Therefore, by targeting Sirt1, it may be possible to regulate the osteogenic differentiation of TSCs and adipose accumulation in injured tendons. Furthermore, Sirt1 downregulation leads to similar effects caused by stimulation with IL-1β, such as enhanced inflammatory signaling, reduced cell survival, and activated NF-κB in human tenocytes (Busch et al., 2012). In contrast, Sirt1 activation by resveratrol suppresses IL-1β-induced inflammatory signaling and apoptosis through deacetylation of NF-κB subunit p65 and tumor suppressor p53, thereby inhibiting the activation pathway of NF-κB- and p53-mediated apoptosis of tenocytes (Busch et al., 2012). Prevention of adhesion is associated with Sirt1 signaling. An in vitro experiment conducted by Chen et al. (2015) demonstrated a regulatory role of Sirt1 signaling (via NF-κB, a subunit of p53, and p53) in the prevention of adhesion using chitosan. These results suggest that the upregulation of Sirt1 appears to be useful for the treatment of tendinopathy.
PRP has the potential to activate the Sirt1 signaling pathway, promote tenocyte proliferation, regulate TSC differentiation and inflammation, and prevent tendon adhesion (Li et al., 2021). Weng et al. (2021) comprehensively investigated PRP effects on the metabolic reprogramming of fibroblasts and demonstrated that PRP halts the senescence progression of fibroblasts by activating Sirt1 expression. In addition, thrombin-activated PRP can increase the expression of Sirt1 in periodontal ligament stem cells and significantly enhance cell viability, ALP activity, osteogenic-related mRNA levels, and alizarin red-mineralization activity in a dose-dependent manner (Xu et al., 2021). Further studies are needed to confirm the exact role and specific mechanism of PRP in activating the Sirt1 signaling pathway in TSCs and tenocytes of chronic tendinopathy.
3.2 Promotion of tendon matrix synthesis and remodeling
In recent decades, biochemical and molecular biological studies of tendinopathy have deepened our understanding of the process of tendon degeneration. Tendinopathy can be considered an abnormal matrix remodeling process of the tendon. Excessive mechanical loading disrupts the balance between matrix synthesis and catabolism (Steinmann et al., 2020). Several studies have examined the changes in matrix molecules in the tendons affected by chronic tendinopathy (Riley et al., 1994a; b; Riley et al., 1996; Riley, 2005; Yamada et al., 2007). The total amount of collagen in pathological tendon tissue significantly decreases. The levels of type I and type II collagen and the ratio of type III collagen to type I collagen increase (Riley et al., 1994a; Riley et al., 1996; Tillander et al., 2002). For proteoglycans, some studies suggested that the contents of hyaluronic acid, glycosaminoglycan, and aggrecan increased remarkedly, whereas the content of decorin decreased significantly (Riley et al., 1994a; Lo et al., 2005). In addition, glycoproteins, such as tenascin C and fibronectin, generally increase in the degenerative tendon (Riley et al., 1996; Tillander et al., 2002). The activity of various MMPs also changes. There is an increase in the levels of MMP-1, MMP-2, MMP-23, disintegrin metalloproteinase 12 (ADAM-12), and platelet-reactive protein disintegrin metallopeptidase 2 (ADAM-TS2) and -TS3, but a decrease in MMP-3, MMP-10, MMP-12, and MMP-27 levels (Riley, 2008). Disruption of the balance between MMPs and TIMPs plays a key role in the process of tendon degeneration (Jones et al., 2006; Del Buono et al., 2013). Tendons can adapt to mechanical loading by increasing collagen synthesis and the activity of multiple MMPs. This adaptation enhances the mechanical strength and the viscoelastic properties of the tendon and reduces the stress sensitivity of the tendon, generally enhancing its load resistance. However, long-term repeated excessive mechanical loading leads to micro-injury accumulation in the tendon, which promotes the progression of tendinopathy and eventually leads to rupture (Diniz-Fernandes et al., 2018).
PRP contains many growth factors, such as IGF-I, FGF, TGF-β, EGF, HGF, and PDGF, which can prevent the change in the matrix molecule caused by tendinopathy to some extent. IGF-I plays an important regulatory role in collagen synthesis. IGF-I upregulation can stimulate collagen synthesis by activating downstream signal transduction pathways, such as ERK and Akt/mTOR (Hansen et al., 2013; Ren and Anversa, 2015). Local injection of IGF-I can promote collagen synthesis and increase the diameter of collagen fibers in healthy tendon tissues. This can also reduce swelling, promote tenocyte proliferation, and increase the total content of collagen in the degenerative tendon (Olesen et al., 2006; Hansen et al., 2013; Nielsen et al., 2014). bFGF can stimulate the proliferation and migration of tenocytes, upregulate the levels of type I and III collagen, and coordinate the orientation of collagen fibers, thereby improving the mechanical properties of the tendons (Goncalves et al., 2013; Chen et al., 2021). TGF-β is a crucial growth factor that regulates the production of the extracellular matrix. TGF-β2 can stimulate the expression of Col1A1 and Scx genes. A moderate amount of TGF-β2 can promote tendon healing, but excessive TGF-β2 is closely related to fibrosis and scar formation of the injured tendon (Katzel et al., 2011; Zhang et al., 2018). EGF has been shown to accelerate wound healing by promoting the formation of extracellular matrix and granulation tissue and stimulating fibroblast proliferation and tissue regrowth (Throm et al., 2010).
Numerous in vitro experiments have proven that PRP can stimulate tenocytes derived from normal or diseased tendons to synthesize non-collagen extracellular matrices and increase the total amount of collagen and the expression of type I and III collagen (Jo et al., 2012; de Vos, 2016; Kelly et al., 2016; Pauly et al., 2018; Yoon et al., 2018). In addition, PRP did not appear to affect the level of type I/III collagen expression in tenocytes (de Mos et al., 2008; Jo et al., 2012). Notably, de Mos et al. (2008) reported that PRP reduced the relative cellular expression of type I and III collagen (i.e., the ability of an individual tenocyte to synthesize type I and III collagen). However, owing to the increase in the number of tenocytes, the total amount of collagen remained higher than that of the control group (de Mos et al., 2008). This conclusion was confirmed by previous studies (Wang et al., 2012; Pauly et al., 2018). In contrast, some studies did not support this view (Jo et al., 2012; Kelly et al., 2016; Yoon et al., 2018). A variety of factors can cause differences in the collagen expression capacity of tenocyte samples in different experiments, including the age of donors, the origin of tenocytes, the pathological changes in the tendon tissue, and the components of PRP.
The therapeutic effect of PRP in promoting matrix synthesis was also validated in vivo and manifested macroscopically as an improvement in the biomechanical properties of the tendon and a shorter recovery time. Yu et al. (2021) investigated the therapeutic effect of PRP on rat models of acute Achilles injury. They found that PRP could increase the number of tenocytes in the vicinity of the wound and stimulate collagen synthesis in a short period, thus increasing the maximum load the tendon can bear and shortening the recovery time. Some studies evaluated the long-term therapeutic effect of PRF or PRP on a rabbit model with Achilles injury using imaging and histological analysis (Fukawa et al., 2015; Wong et al., 2020). Meanwhile, the release kinetics of growth factors in PRF was tested in vitro (Fukawa et al., 2015; Wong et al., 2020). The results show that PRF has good properties of growth factor delivery, which could store and stably release PDGF, bFGF, TGF-β1, and IGF-I for a long time. Ultrasound images suggest that the area of the hyperechoic zone (consisting of scar tissue formed by a disordered arrangement of cells and matrix) in the rabbit Achilles with PRF implantation is smaller than that in the control group. MRI suggests that the T2 signal of the rabbit Achilles in the PRP treatment group decreases gradually over time, reflecting the normalization of collagen fiber arrangement and the depletion of water concentration. Histological analysis shows that tendons in the PRF group have thicker, denser, and more continuous collagen fibers arranged in the direction of stress and have a smaller degenerative area with bone and cartilage. A basic experiment using histological analysis to assess the effect of PRP on Achilles injuries in rabbits came to a similar conclusion (Takamura et al., 2017). In the first 2 weeks after surgery, PRP could promote the migration and proliferation of tenocytes and stimulate angiogenesis. In the next 4 weeks, PRP can promote collagen synthesis and tissue maturation, thereby accelerating the healing process of the tendon. In conclusion, PRP can improve the mechanical property and load-bearing capacity of injured Achilles, shorten the healing time, and promote tendon maturity. This is clinically beneficial because PRP not only reduces the risk of secondary rupture of the Achilles, but also promotes the early recovery of motor function. Early moderate weight-bearing and exercise can prevent adhesion, extend the motion range of the affected limb, and accelerate recovery, achieving higher patient satisfaction (Maffulli et al., 2003). On this basis, Alsousou et al. (2015) treated 20 patients with Achilles rupture by PRP and performed histological and immunochemical biopsies 6 weeks after surgery. The results show that local application of PRP can promote the deposition of type I collagen, increase the ratio of type I collagen to type III collagen, and upregulate the content of glycosaminoglycan. It can also promote the recovery and maturity of the injured tendon, reflected in fewer blood vessels, a smaller proportion of cells, and a more consistent and regular arrangement of collagen fibers. For rotator cuff tendinopathy model animals, PRP also has a good therapeutic effect. Some studies have shown that the administration of PRP can increase collagen content, promote tissue maturation, and improve the biomechanical properties of the tendon, including stiffness, tenacity, and mechanical load capacity (Hapa et al., 2012; Dolkart et al., 2014; Ersen et al., 2014). Kobayashi et al. (2020) reported the therapeutic effect of PRP on the patellar tendon injury model in mice. According to the Bonar Score, injured patellar tendons in the PRP group form more neovascularization in the early stage of the healing process and have more aligned collagen fibers in the late stage of the healing process, which indicates that PRP can accelerate the healing of injured patellar tendons (Kobayashi et al., 2020). In addition to treating the animal model with a tendon injury, PRP can also improve the healing of degenerative tendons induced by collagenase, increase the expression of type I collagen protein, inhibit the process of degeneration in a certain sense, and promote tissue remodeling and maturity (Moshiri et al., 2014; Yan et al., 2017; Jiang et al., 2020) (Figure 3).
[image: Figure 3]FIGURE 3 | Effects of leukocyte-rich platelet-rich plasma (LR-PRP) and leukocyte-poor platelet-rich plasma (LP-PRP) on Achilles tendinopathy when applied at an early stage. (A) Illustration of the process of two kinds of PRP and study design. (B) Hematoxylin and eosin (H&E) staining, Masson staining, and transmission electron microscopy (TEM) of the saline, Lp-PRP, and Lr-PRP groups at 3 weeks. A better fiber structure and less angiogenesis were observed in the Lr-PRP and Lp-PRP groups. (C) H&E staining, Masson staining, and TEM of the saline, Lp-PRP, and Lr-PRP groups at 6 weeks. The tendons in both treated groups had better recovery than the saline group, but they were still worse compared with the healthy tendons (Jiang et al., 2020).
Recently, several basic studies have reported that PRP might play a role in promoting MMP secretion by tenocytes or TSCs. For example, PRP or PRCR could significantly increase the mRNA and protein levels of type I collagen and MMP-1 in human fibroblasts (Kim et al., 2011; Shin et al., 2014). Pifer et al. (2014) showed that certain concentrations of MMP-2, MMP-3, and MMP-9 could be detected both in low platelet concentration LP-PRP (prepared by ACP) and in high platelet concentration LR-PRP (prepared by GPS). Most of these MMPs are in an active state and can maintain their plasma levels for at least 6 days. Human ligament fibroblasts also release a variety of MMPs after exposure to ACP or GPS-prepared PRP (Pifer et al., 2014). In addition, Zhou et al. (2015) found that tenocytes treated with LR-PRP could express more catabolic genes, including MMP-1, MMP-13, IL-1β, IL-6, and TNF-α. The research implicated that PRP might regulate the tissue remodeling process by controlling the level of MMPs within the tendon. The balance between MMPs and TIMPs plays a key role in tendon remodeling (Jones et al., 2006; Del Buono et al., 2013). A moderate amount of MMPs can reduce hypertrophy and scar tissue formation of the affected tendon and promote matrix remodeling (Fleming et al., 2009; Scollon-Grieve and Malanga, 2011; Thanasas et al., 2011). Excessive MMPs promote catabolism and aggravate the degenerative process in tendinopathy (Marqueti et al., 2006; Arnoczky et al., 2007; Bedi et al., 2010). Currently, only a few studies have explored the efficacy of PRP in combination with MMP inhibitors in the treatment of tendinopathy. For example, Jafari et al. (2019) compared the efficacy of single PRP versus PRP plus broad-spectrum or narrow-spectrum MMP inhibitors for tendinopathy. They found that tendons treated with MMP narrow-spectrum inhibitor (specific inhibition of MMP-13) and PRP had the best histological and biomechanical properties.
3.3 Regulation of tendon angiogenesis
The role of VEGF and angiogenesis in tendinopathy or tendon healing has not been fully elucidated. The present studies suggest that VEGF and neovascularization may play different roles in different stages of tendinopathy. After an acute tendon injury, hypoxia, pro-inflammatory cytokines, nerve signals, and mechanical loading can upregulate the VEGF level. Increased metabolism attributed to tendon injury indirectly leads to hypoxia and upregulation of the hypoxia-inducible factor-1 (HIF-1) level (Pufe et al., 2005; Li et al., 2013; Halper, 2014; Rahim et al., 2016). HIF-1 can further induce VEGF gene transcription. The release of pro-inflammatory cytokines, such as IL-1β, IL-6, and IL-8, and the infiltration of inflammatory cells can also promote VEGF synthesis. Upregulated nerve growth factor promotes neuronal growth, leading to an increased level of neurogenic VEGF (Pufe et al., 2005; Li et al., 2013; Halper, 2014; Rahim et al., 2016). Excessive mechanical loading can also promote the release of VEGF from the tendon tissue. The trend of VEGF concentration is similar in various animal models with tendon injury. This increases gradually in the early stage of the proliferative phase and eventually decreases with the relief of symptoms (Liu et al., 2021b). VEGF is a potent angiogenic stimulant. It can promote angiogenesis and increase vascular permeability, mediating the delivery of circulating cells, growth factors, oxygen, and nutrients to the tendon lesions (Molloy et al., 2003). In addition, neurogenic VEGF-mediated neovascularization is surrounded by perivascular cells. This cell type has mesenchymal stem cell properties and is considered a source of TSCs, which can mediate the healing process of the injured tendon (Wu et al., 2017; Li et al., 2019; Lee et al., 2021). Therefore, the changes in VEGF and angiogenesis reflect the early healing process of acute tendon injury in a sense.
Some researchers believe that PRP promotes vascular endothelial cell proliferation and augments vasopermeability in the early stage of tendinopathy, providing a suitable microenvironment for tendon healing. Activated platelets release a range of pro-angiogenic factors, such as VEGF, HGF, TGF-β, PDGF-BB, IL-8, angiopoietin, and chemokine (C-X-C motif) ligand 12 (CXCL12), as well as MMP-1, MMP-2, and MMP-9 (Nurden et al., 2008). Leukocytes further replenish the pro-angiogenic protein pool of PRP by releasing VEGF, angiopoietin, FGF, HGF, PDGF, and MMPs (Kobayashi et al., 2016; Andia and Abate, 2018). As one of the most important angiogenic factors, VEGF can regulate angiogenesis in both healthy and degenerative tendons (Molloy et al., 2003; Pufe et al., 2005). VEGF is a specific mitogen of endothelial cells that promotes the growth and proliferation of endothelial cells and perivascular cells, increases the permeability of capillaries, and promotes angiogenesis within the tendon (Wu et al., 2017; Peach et al., 2018). Meanwhile, VEGF has the function of promoting the proliferation of fibroblasts, stimulating the chemotaxis of macrophages and granulocytes, and initiating the production of other growth factors (Liu et al., 2021a). bFGF has a strong angiogenic effect in synergy with VEGF, which can regulate intratendon inflammation, cell proliferation, angiogenesis, and collagen synthesis (Thomopoulos et al., 2010; Tang et al., 2016). PDGF-BB can indirectly regulate the migration of endothelial cells and vascular smooth muscle cells and participate in the maturation and stabilization of neovascularization by upregulating the levels of VEGF and integrin (Evrova and Buschmann, 2017). Furthermore, MMPs are directly involved in the process of angiogenesis. MMPs can regulate the activity of chemokines, such as IL-8 and CXCL12, as well as growth factors, such as TGF-β and HGF, released by PRP (Moser et al., 2004; Kawase et al., 2015). MMPs can also stimulate the migration of endothelial cells by degrading the extracellular matrix (Andia and Abate, 2018). Moreover, MMP-2 and MMP-9 can activate the wnt/β-catenin signaling pathway, which is beneficial to the survival and proliferation of endothelial cells (Kawase et al., 2015).
Basic research further confirms that PRP has the therapeutic effect of promoting angiogenesis in the initial period of tendon healing. Bosch et al. (2011) used color Doppler ultrasound and Factor VIII immunohistochemical staining to study the effect of PRP on the angiogenesis of acutely injured tendons. They found that PRP significantly increased angiogenesis for at least 23 weeks compared with the placebo (Bosch et al., 2011). The author speculated that a a large number of neovascular vessels within the tendon might be one of the main factors that a single PRP injection can promote the long-term repair of the injured tendon (Bosch et al., 2011). Kobayashi et al. (2020) explored the specific mechanisms by which PRP affects tendon healing using a patellar tendon injury mouse model. As a result, the Bonar vascular score of the PRP group was significantly higher than that of the control group 2 and 4 weeks after the operation. Kobayashi et al. also reported that PRP not only had a direct effect of stimulating tenocytes to produce an extracellular matrix, but also indirectly facilitated tendon healing by promoting the angiogenesis and the recruitment of circulating repair cells (Kobayashi et al., 2020). These results suggest that the pro-angiogenic proteins of PRP can effectively mediate angiogenesis in the early stage of tendon healing and provide adequate blood supply and a suitable microenvironment for tendon repair. PRP also has a good therapeutic effect on injured Achilles of New Zealand white rabbits (Lyras et al., 2009). The injured Achilles in the PRP group had more neovascularization than the control group in the first 2 weeks (Lyras et al., 2009). Although at the 4th week, in the PRP group, the number of neovascular vessels and the rate of tenocyte metabolism significantly decreased, the consistency of collagen fiber arrangement and the histological characteristics of tendons were improved (Lyras et al., 2009). Additionally, in vitro experiments have reported that PRP can temporarily improve cell migration by activating VEGF receptor 2 born on the endothelial cell membrane directly (Kawase et al., 2015). However, this therapeutic effect is dose- and time-dependent and cannot be sustained over the long term, which is attributed to the reduced sensitivity of endothelium to PRP over a long period (Kawase et al., 2015). This is also an important factor to be considered when designing similar experiments.
Under normal circumstances, neovascularization in the injured tendon will gradually subside as the healing process progresses, eventually forming a mature vascular network. However, chronic tendinopathy can lead to the long-term presence of intratendon capillaries and worsen the microenvironment of tendon healing (Liu et al., 2021b). The VEGF-mediated angiogenesis cascade appears to be highly active in the chronic degenerative tendon attributed to prolonged hypoxia and excessive mechanical loading (Lakemeier et al., 2010; Bosch et al., 2011; Andarawis-Puri et al., 2015). However, Jarvinen (2020) reported in a recent study that neovascularization within the chronic degenerative tendon is hyperpermeable, unable to provide oxygen and nutrients to the tissue and transport metabolic waste. This means that neovascularization induced by tendinopathy is weak or even non-functional, without normal blood flow perfusion, and unable to change the hypoxic state of the affected areas. Fibrin-rich exudates constantly leak from the neovascular, leading to fibrin degeneration of the tendon (Jarvinen, 2020). This is a typical histological feature of tendinopathy. The persistent vascularization in tendinopathy might be attributed to low-grade inflammation triggered by chronic irritants and might be considered a symbol of incomplete repair (Bosch et al., 2011). High levels of VEGF in the affected tendon can exacerbate the side effects of vascularization, resulting in constant pain and decreased biomechanical function of the tendon (Sahin et al., 2012; Korntner et al., 2019). Neovascularization and nerve fibers usually form together. The latter can secrete a series of neurotransmitters, such as calcitonin gene-related peptide and substance P, eventually causing long-term pain in the affected tendon (Ackermann et al., 2003). Meanwhile, a high level of VEGF can stimulate the expression of MMPs and inhibit the expression of TIMPs in endothelial cells and tenocytes, disrupting the balance of extracellular matrix remodeling and impairing the mechanical properties of the tendon (Sahin et al., 2012; Halper, 2014). In addition, long-term hypoxia and overexpression of VEGF are considered the key inducers of neovascularization, which is hyperpermeable, immature, and non-perfusionable (Jarvinen, 2020). These anomalous vascular networks cannot alter hypoxia and nutrient deficiencies of the affected tendon (Jarvinen, 2020). High levels of VEGF have also been shown to maintain inflammation in tendinopathy and promote scar tissue formation (Korntner et al., 2019). Therefore, some researchers regard neovascularization as one of the main pathological processes of tendinopathy and believe that the mechanical properties of the tendon are negatively correlated with the level of neovascularization.
PRP can provide not only angiogenic protein but also a variety of angiogenesis inhibitors, including endostatin, fibronectin, platelet factor 4 (PF4), thrombospondin-1 (TSP-1), α2-macroglobulin, plasminogen activator inhibitor-1, angiostatin, and TIMPs (Nurden et al., 2008). The activation of angiogenesis inhibitors acts as a negative feedback mechanism limiting the capillary number and the VEGF level within the tendon. For example, TSP-1 and endostatin can block VEGF signaling pathways and inhibit endothelial cell proliferation (Andia and Maffulli, 2013). PF4 has the strongest ability to inhibit angiogenesis among all chemokines, directly through the binding of CXCR3 receptors and indirectly through blocking VEGF and bFGF to their receptors (Andia et al., 2012). Therefore, PRP might regulate the capillary network in chronic tendinopathy. Finnoff et al. (2011) explored the efficacy of ultrasound-guided PRP injection in the treatment of chronic refractory tendinopathy. They reported that the tendon function improvement rate and the pain relief rate were respectively 68% and 58% in 41 patients (10 with upper-extremity tendinopathy and 31 with lower-extremity tendinopathy), and 84% of patients had an improvement in imaging echo texture (Finnoff et al., 2011). In addition, intratendon calcification was relieved in 64% of patients, and neovascularization was reduced in 82% of patients (Finnoff et al., 2011). For chronic Achilles tendinopathy, a random controlled clinical trial designed by Boesen et al. (2017) demonstrated that PRP in combination with 12-week eccentric exercise rehabilitation therapy was superior to eccentric exercise alone. Combination therapy has advantages in improving tendon function and reducing pain, thickness, and the number of capillaries within the tendon (Boesen et al., 2017). However, a random controlled clinical trial designed by de Vos et al. (2011) showed that PRP could not improve vascularization and the structure of the collagen bundle within diseased Achilles compared with the saline group.
More long-term, high-quality, multi-center, large-scale basic or clinical trials are needed to confirm the exact effect and specific mechanism of PRP in regulating the capillary network of chronic tendinopathy. Bevacizumab is a VEGF-targeted monoclonal antibody agent used to treat many metastatic cancers (Garcia et al., 2020). Basic studies have demonstrated that early injection of bevacizumab in collagenase-induced tendinopathy can modulate the capillary network of the affected area, reduce tendon thickness, and improve the consistency of collagen fiber alignment (Dallaudiere et al., 2013). On this basis, Dallaudiere et al. (2014) used bevacizumab in combination with PRP to treat tendinopathy and found that the tendon healing effect was better in the combination group than in the single PRP injection group. The authors declaimed that angiogenesis inhibitors can reduce neovascularization and secretion of MMPs and prostaglandins in the early stage of tendinopathy. In the later stage of tendon healing, PRP can provide rich active cytokines that will compensate for the reduced concentrations of growth factors due to the decreased angiogenesis, promote the recruitment of stem cells and fibroblasts, and boost collagen synthesis (Dallaudiere et al., 2014). Although angiogenesis is one of the key steps in the pathogenesis of tendinopathy, few studies have been conducted on inhibiting angiogenesis for tendinopathy treatment. Further studies are needed to determine whether it is necessary to develop a series of therapies aimed at inhibiting tendon angiogenesis.
3.4 Regulation of inflammation
The role of inflammation in the pathogenesis of tendinopathy has not been determined. In the past 20 years, tendinopathy has been described as a non-inflammatory degenerative disease. Similarly, the continuum model did not emphasize the specific role of inflammation in the pathological process of tendinopathy (Cook and Purdam, 2009; D'Addona et al., 2017). However, the development and application of modern cellular and molecular biotechnology have improved the understanding of the inflammatory process in tendinopathy. The relevant roles of various cytokines, immune cells, and non-immune cells (mainly tenocytes) in the inflammation of tendinopathy have been elaborated. This suggests that inflammation may play a key role in the progression of degeneration and may be a key target for the treatment of tendinopathy.
IL-1β is produced by macrophages or tenocytes under pathological conditions and is expressed in the early stage of tendon injury (Yang et al., 2005; Mobasheri and Shakibaei, 2013). IL-1β can induce the expression of inflammatory mediators such as cyclooxygenase (COX-2), prostaglandin E2 (PGE 2), and MMP-1 in tenocytes, which will promote matrix breakdown and negatively affect the mechanical properties of the tendon (Yang et al., 2005; Mobasheri and Shakibaei, 2013). IL-1β can also inhibit the tendonogenic differentiation and tendon-related gene expression (e.g., Scx, tenomodulin, and collagen) of TSC, counteracting the tendon healing process (Zhang et al., 2015). IL-6 is a multifunctional Th2 cytokine induced by IL-1β and TNF-α (Lin et al., 2006; Millar et al., 2010; Tang et al., 2018). It has the function of regulating tendon inflammation and the healing process. IL-6 and IL-1β mediate inflammatory response after tendon injury by activating the NF-κB pathway (Abraham et al., 2019). Animal models showed that the NF-κB pathway was closely related to tendinopathy (Abraham et al., 2019; Best et al., 2019). Knockdown of the key target NFKB1 can enhance the activity of NF-κB and MAPK, which will promote the recruitment of macrophages, the proliferation of tenocytes, and the deposition of collagen at the repair site, thus enhancing the mechanical properties of the tendon (Abraham et al., 2019; Best et al., 2019). Moreover, IL-6 can promote the expression of COL1A1 in the tendon, indicating that IL-6 is involved in the regulation of tendon healing (Millar et al., 2010). Animal models of acute tendon injury showed that the TNF-α gene level increased gradually from 2 h to 9 days after injury and then decreased in roughly the second week (Morita et al., 2017). TNF-α can stimulate tenocytes to express a multitude of pro-inflammatory or anti-inflammatory mediators, such as IL-1β, TNF-α, IL-6, IL-10, and MMPs (John et al., 2010; Tang et al., 2018). TNF-α may even induce apoptosis of the tenocyte, which in turn inhibits the production of extracellular matrix (John et al., 2010; Tang et al., 2018). Han et al. (2017) designed an in vitro experiment that demonstrates that TNF-α has the function of inhibiting TSC proliferation and tendonogenic differentiation. However, the combination of TNF-α with TGF-β1 can promote proliferation and tendonogenic differentiation of TSCs. Moreover, IL-10, IL-4, IL-33, IL-18, TGF-β, VEGF, COX-2, PGE 2, and other cytokines have important regulatory effects on inflammatory progression and the tissue repair process in tendinopathy (Tang et al., 2018; Chisari et al., 2019; Arvind and Huang, 2021; Chisari et al., 2021) (Table 3).
TABLE 3 | Cytokines implicated in tendinopathy.
[image: Table 3]Millar et al. (2017) reviewed the role and status of immune cells (resident or infiltrated) and stromal fibroblasts in the inflammatory response in tendinopathy. The inflammatory sites of tendinopathy are creatively divided into three different cell compartments in this review: the stromal compartment, immune-sensing compartment, and infiltrating compartment (Millar et al., 2017). The infiltrating compartment accumulates a variety of circulating immune cells, including macrophages, NK cells, and lymphocytes. These circulating immune cells converge to the lesion by sensing pro-inflammatory cytokines released by resident immune cells and stromal fibroblasts. The immune-sensing compartment has resident immune cells, such as macrophages and mast cells. They can sense the damage/pathogen-related molecular patterns (DAMPs/PAMPs), take the lead in responding to tissue damage, and are activated by pro-inflammatory cytokines. Tenocytes located in the stroma are mainly responsible for tissue remodeling and repair. After sensing extracellular signals, tenocytes initiate downstream pathways and produce cytokines and chemokines in an autocrine or paracrine form, which can adjust tenocytes to an inflammatory phenotype (i.e., an “Activated” state). Consequently, extracellular matrix remodeling is accelerated. The interaction between different cell regions constitutes a complex environment of tendonitis, which affects the homeostasis of matrix degeneration and repair (Figure 4).
[image: Figure 4]FIGURE 4 | Immunobiology of tendinopathy. Inflammation in tendinopathy encompasses three distinct compartments involved in a complex network for tendon homeostasis. The infiltrating compartment includes influxing immune cells, probably recruited through stromal and resident immune cell activation. The infiltration of immune cells represents a homeostatic inflammation in normal circumstances but is aberrant in tendinopathic disease. The immune-sensing compartment comprises tendon-resident innate cells that act as sentinels to respond to initial tissue insult through damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). The centrally placed resident tenocytes sit in the influential stromal compartment, which is responsible for tissue remodeling and repair. Tenocytes can be driven toward an activated inflammatory phenotype and secrete cytokines and chemokines. These three compartments contribute to interactions between the inflammatory response and the extracellular matrix remodeling, which in turn comprise a balance between reparation and further degeneration within the tendon (Millar et al., 2017).
Among immune cells, the role of macrophages has been increasingly emphasized in the tendon inflammatory response, early tissue repair, and remodeling process (Lana et al., 2019). Traditionally, tendon macrophages have been classified into two phenotypes, M1 (classically activated macrophage) and M2 (alternatively activated macrophage), according to the surface receptors, functions, and cytokines expression (Mantovani et al., 2002). M1 macrophages promote tendon inflammation by producing cytokines, including CeC motif chemokine ligand 2, monocyte chemoattractant protein 1, inducible nitric oxide synthase, TNF-α, IL-12, IL-1β, and VEGF (Arnold et al., 2007; Ruffell et al., 2009; Ramachandran et al., 2012). M2 macrophages play an anti-inflammatory role, which can produce cytokines such as IL-1 receptor antagonist (IL-1RA), IL-4, IL-10, TGF-β, arginase 1, IGF-I, and PDGF (Arnold et al., 2007; Ruffell et al., 2009; Ramachandran et al., 2012). Therefore, M2 macrophages can inhibit tendon inflammation, inducing tenocytes to migrate to the injury site, and can regulate tendon repair and the fibrosis process (Mantovani et al., 2002). M1 macrophages reach the tendon within 24 h after injury and dominate in the subacute stage of tendinopathy (Dakin et al., 2012; Dakin et al., 2014). With the development of chronic tendon degeneration, the function of macrophages changes from pro- to anti-inflammation and tissue repairing (Dakin et al., 2012; Dakin et al., 2014). The number of M2 macrophages increases gradually (Dakin et al., 2012; Dakin et al., 2014). Murray et al. (2014) redefined macrophage types, emphasizing the role of key cytokines and signaling pathways. According to the new definition of macrophages, the interferon (IFN) and NF-κB signaling pathways are activated in the early and middle stages of tendinopathy, whereas the signal transducer and activator of transcription 6 (STAT-6) and glucocorticoid receptor signaling pathways dominate in the later stage (Dakin et al., 2015). Furthermore, CD206 and ALOX15 mRNA pathways of the macrophage are significantly activated in tendinopathy patients with symptomatic relief after treatment compared with those still with symptoms (Dakin et al., 2015). This demonstrates the role of CD206 and ALOX15 pathways in relieving inflammatory pain in tendinopathy patients.
Tendon-resident stromal cells also play an important role in the initiation and maintenance of chronic inflammation. Tenocytes can be transformed from a quiescent state to an activated state by the inflammatory reaction of tendinopathy, being hypertrophic ones and highly expressing molecular markers such as toll-like receptor 4 (TLR4), interferon regulatory factor 1 (IRF1), IRF5, PDPN, CD106, and CD248 (Dakin et al., 2018). Meanwhile, activated tenocytes can synthesize and release cytokines, such as TNF-α, IL-1β, IL-6, IL-10, and VEGF (Serhan et al., 2008). Even when the inflammation of tendinopathy is reduced, the tenocytes remain in an inflammatory-sensitive state to some extent, which undoubtedly increases the risk of inflammation progression or recurrence (Dakin et al., 2018).
Platelets in PRP control the inflammatory response in tendinopathy by coordinating highly complex molecular signaling networks and cell–cell interactions (Andia and Abate, 2018). Platelets can store and release chemokines, including CXCL7 (NAP-2), PF4 (CXCL4), chemokine (C-C motif) ligand 5 (CCL-5), and CCL-2 (Flad and Brandt, 2010). These chemokines can regulate the biological behavior of a range of immune cells, including neutrophils, macrophages, and lymphocytes, maintaining an inflammatory microenvironment within the tendon. For example, CXCL7 has chemotaxis and activation effects on neutrophils (Ghasemzadeh et al., 2013). PF4 can switch macrophages from a pro-inflammation phenotype to a stromal synthesis phenotype, which in turn modulates inflammation in tendinopathy and repair response (Gleissner et al., 2010). CCL-2 and CCL-5 can promote the migration of monocytes and T cells across capillaries by regulating the activity of CCR2, CCR1, and CCR5 (Stalman et al., 2015). Conversely, Zhang et al. (2013) found that HGF in PRP could antagonize the pro-inflammatory effect of IL-1β; inhibit the expression of COX-1, COX-2, and PGE 2 synthase in tenocytes; and reduce the production of PGE 2. Meanwhile, HGF can inhibit the inflammatory reaction by increasing the expression of IκBα (Bendinelli et al., 2010). IκBα is an inhibitor of NFκB; the latter is an inflammatory modulator involved in tendinopathy and is upregulated within tenocytes at the site of tendon inflammation (de Oliveira et al., 2013). Moreover, IGF-1 and PDGF in PRP can inhibit the production of IκB kinase to prevent intratendon inflammation (Zhang and Wang, 2014). TGF-β, an anti-inflammatory cytokine in PRP, has been proven to control local inflammation (Jo et al., 2012). Given that platelets contain both pro- and anti-inflammatory cytokines, LP-PRP might have a complex regulatory mechanism in the inflammatory response of tendinopathy.
Recent data suggest that the microenvironment within the tendon is crucial for the ultimate effect of LP-PRP in regulating inflammation. An in vitro experiment designed by Jo et al. (2018) demonstrated that PRP could only exert an anti-inflammatory effect on tenocytes pretreated with IL-1β or derived from degenerative tendons. Conversely, PRP can promote an inflammatory response (Jo et al., 2018). In other words, in the normal, non-inflammatory microenvironment, PRP can upregulate the expression of IL-1β, Cox-2, membrane-bound prostaglandin E2 synthase 1 (mPGES-1), and downstream MMPs; downregulate anti-inflammatory cytokine levels; and thus induce inflammation and pain. However, in the inflammatory microenvironment, PRP can downregulate the expression of pro-inflammatory cytokines and MMPs, upregulate anti-inflammatory cytokine levels, and promote matrix synthesis, thus inhibiting the inflammatory response and enhancing the repair response. This finding could help explain some of the conflicting claims in previous studies about the anti-inflammatory effect of LP-PRP (El-Sharkawy et al., 2007; Zhang et al., 2013; Andia et al., 2015; Zhang L. et al., 2016; Hudgens et al., 2016). For example, Hudgens et al. (2016) reported that for normal tendon fibroblasts, LP-PRP treatment downregulated the expression of EGR1, EGR2, tenomodulin, and Scx, which are closely correlated to extracellular matrix formation. Furthermore, LP-PRP treatment activated TNF-α and NFκB signaling pathways, inducing an inflammatory response in tendon fibroblasts (Hudgens et al., 2016). LP-PRP also promoted the expression of autophagy-related genes and reactive oxygen species (ROS) genes and activated the oxidative stress pathways (Hudgens et al., 2016). However, Andia et al. (2015) found that for the inflammatory-activated tenocytes induced by IL-1β, PRP treatment downregulated the expression of IL-6/CXCL6, IL-6R, and IL-8/CXCL8 and decreased the secretion of immunomodulatory proteins IL-8/CXCL8, IL-6/CXCL6, and MCP-1/CCL2. Likewise, Li et al. (2020) reported that the injection of LP-PRP into the degenerative Achilles of rabbits could significantly reduce the release of pro-inflammatory cytokine IL-6 and decrease the expression of MMP-1 and MMP-3. In addition, LP-PRP increases the expression of TIMP-1 and maintains the balance of MMPs and TIMPs in the tendon, which is beneficial to the maturation of the extracellular matrix (Li et al., 2020).
In general, M1 macrophages can be stimulated by LPS and IFN-γ, whereas M2 macrophages can be stimulated by Th2 lymphocytes IL-4 and IL-10 (Wynn and Vannella, 2016). Therefore, macrophage activity and functional phenotype might be directly affected by PRP components and their concentration levels, especially leukocytes. The biological basis for this view is that LR-PRP and LP-PRP have different concentrations of pro- and anti-inflammatory mediators. LR-PRP contains higher concentrations of pro-inflammatory mediators, such as TNF-α, IL-6, and IFN-γ (Sundman et al., 2011; Braun et al., 2014). However, LP-PRP can increase the concentrations of anti-inflammatory mediators such as IL-4 and IL-10 in the local tissue (Sundman et al., 2011; Braun et al., 2014). For example, a random controlled trial by Nishio et al. (2020) found that in the injured patellar tendon model, the number of M1 macrophages increased significantly on days 4 and 7 after treatment with LR-PRP or LP-PRP compared with the control group. However, the M1 macrophage count/M2 macrophage count decreased significantly on days 7 and 14 after surgery only in the LP-PRP group (Nishio et al., 2020). This proves that LP-PRP has the function of anti-inflammation and acceleration of the recovery of the degenerative tendon. In summary, LR-PRP might elicit a more severe inflammatory response when considered in terms of macrophage alone. Rapid infiltration of inflammatory cells might stimulate the tissue repair process more rapidly. On the contrary, LP-PRP has a strong potential to induce anabolism, which is beneficial in enhancing tenocyte proliferation and promoting tendon remodeling.
The presence and concentration of leukocytes (mainly neutrophils) in PRP must be considered in the treatment of tendinopathy. The leukocyte number in LP-PRP is reduced by 22-fold compared with baseline, almost eliminating this cellular component (Fitzpatrick et al., 2017b). However, LR-PRP can enrich leukocytes 3–5 times the baseline level (Fitzpatrick et al., 2017b). In addition, PRP produced by different preparation systems has different proportions of neutrophils, lymphocytes, and monocytes (Fitzpatrick et al., 2017b). The role of leukocytes is controversial. Some researchers claim that leukocytes in PRP have some positive and antibacterial effects. They can regulate the local immune microenvironment, which is helpful to prevent or control the infection of the injured tendon (Castillo et al., 2011). Leukocytes can also increase the concentration of growth factors in PRP by directly releasing or indirectly stimulating platelets to release growth factors (Zimmermann et al., 2001). In addition, leukocytes are able to promote angiogenesis and recruit macrophages at the lesion site to transform chronic low-grade inflammation in tendinopathy into regenerative inflammation (Millar et al., 2017; Chisari et al., 2021). However, other researchers believe that leukocyte is not an ideal component of PRP. Leukocytes can not only release multiple MMPs, but also stimulate tenocytes and TSCs to express MMP-1, MMP-3, and MMP-13, which has a negative effect on tendon matrix deposition (McCarrel et al., 2012; Cross et al., 2015; Zhou et al., 2015; Zhang L. et al., 2016; Bonilla-Gutierrez et al., 2018). Meanwhile, leukocyte infiltration can increase the levels of IL-1β, IL-6, TNF-α, and IL-8 in the tendon. It might inactivate growth factors, such as PDGF and TGF-β1, further worsen the microenvironment of the degenerative tendon, and aggravate the inflammatory reaction (McCarrel et al., 2012; Cross et al., 2015; Zhou et al., 2015; Zhang L. et al., 2016; Bonilla-Gutierrez et al., 2018). In addition, macrophages and other inflammatory cells can release a variety of COX, such as COX-1 and COX-2. Under the influence of high concentrations of COX-1 and COX-2, a large amount of PGE2 is produced and enriched in the affected site by mPGES, resulting in vasodilatation and pain (Ferreira et al., 1978; Williams, 1979; Smith, 1989).
Recent studies suggest that whether leukocytes in PRP are beneficial to tendon healing depends on the severity of tendinopathy. LR-PRP can further improve the therapeutic effect on tendinopathy in the early stage, whereas LP-PRP is more effective in the middle and late stages of tendinopathy. Yan et al. (2017) established a rabbit model of Achilles tendinopathy by injection of collagenase (Figure 5). In the 4th week after collagenase injection, LP-PRP, LR-PRP, and saline were utilized respectively to treat the degenerative Achilles (Yan et al., 2017). Yan et al. (2017) found that the LP-PRP group had higher histological scores, better structure and alignment of collagen fibers, and fewer pro-catabolic inflammatory factors than the other two groups. On this basis, Jiang et al. (2020) applied LP-PRP, LR-PRP, and saline, respectively, to treat the degenerative Achilles in rabbits in the 1st week after collagenase injection. They found that the Achilles treated with LR-PRP had more mature collagen fibers and better mechanical properties. Similarly, Li et al. (2020) treated tendinopathy with LR-PRP and saline separately in the 1st and 4th weeks after collagenase injection. The effect was evaluated by cytokine quantification, MRI, histological analysis, and transmission electron microscopy in the 6th week after collagenase injection (Li et al., 2020). The results show that LR-PRP can achieve the best therapeutic effect in the early stage of tendinopathy. The LR-PRP group in the 1st week had the smallest lesion area, the lowest MRI signal intensity, the largest mean diameter of collagen fibers, the highest expression level of type I and III collagen genes, and the best histological score (Li et al., 2020). However, the injection of LR-PRP in the late stage of tendinopathy can induce excessive catabolism and inflammation, which is not beneficial for the repair of tendinopathy (Li et al., 2020).
[image: Figure 5]FIGURE 5 | Anti-inflammatory effect of the intratendon delivery of leukocyte-poor PRP (LP-PRP) and leukocyte-rich PRP (LR-PRP) in a rabbit Achilles chronic tendinopathy model in vivo. (A) Flowchart of the preparation process of two kinds of PRP and the study design. (B) Gross view of the tendon in the saline, Lr-PRP, Lp-PRP, and normal groups (a–d). The Achilles tendons of the Lr-PRP group appeared to be pallid and displayed more swelling compared with the Lp-PRP group. Sagittal and transverse magnetic resonance imaging (MRI) T2-weighted images of the Achilles tendon in the saline, Lr-PRP, Lp-PRP, and normal groups (e–l). MRI revealed that the Lr-PRP and saline groups displayed higher signal intensities compared with the Lp-PRP group with T2 mapping, representing inflammatory edema at the lesion site. (C) Detection of IL-1b, TNF-a, and IL-6 by enzyme-linked immunosorbent assay, indicating Lr-PRP elicited more catabolic cytokine release than Lp-PRP at the local lesion site of the tendon (Yan et al., 2017).
4 THE USE OF PRP IN CLINICAL PRACTICE OR CLINICAL TRIALS
Over the past few years, many studies have been conducted to evaluate the effectiveness of PRP in treating musculoskeletal conditions. A large number of basic research and clinical trials have proven the curative efficacy and safety of PRP for tendinopathy, although some of the results show that PRP is not so effective (de Vos et al., 2010b; Kearney et al., 2021; Dai et al., 2023). Consequently, there is controversy about the benefits of PRP for patients with tendinopathy. Currently, according to the mainstream view, such controversy is attributed to a lack of unified standards for the preparation process and the way of activation and administration of PRP in the research, as well as the pathological process of tendinopathy. Therefore, some researchers suggest recording the characterization details in clinical trials. These characterization details include the preparation methods (parameters of centrifugation and activation status/activator used); composition (concentration of platelets, leukocytes, and relative growth factors); and dosing methods (volume of therapeutic dose and number of doses administered) of PRP (Fitzpatrick et al., 2017a; Chahla et al., 2017; Murray et al., 2017; Rodeo, 2019). Meanwhile, researchers should identify the onset site and properly evaluate the current pathological process (early reactive tendinopathy, tendon disrepair, or degenerative tendinopathy) (Nourissat et al., 2015b; Filardo et al., 2018). This section discusses and analyzes the topics above, with the aim of establishing norms in clinical studies to allow comparison among studies and provide reproducibility.
The difference in the composition of PRP may be one of the main reasons for the controversy. The final ingredients of PRP are affected by two interrelated factors. The first is the concentration of platelets, leukocytes, and cytokines in the whole blood of patients (Mazzocca et al., 2012). The second is the anticoagulation methods, speed, rounds, and duration of the centrifugation process for different PRP preparation systems (DeLong et al., 2012; Chahla et al., 2017). For example, significant differences exist in the platelet capture efficiency; leukocyte concentration; and PDGF-AB, PDGF-BB, and VEGF concentrations in the PRP prepared by three different systems (Cascade, Magellan, and Biomet GPS III) (Castillo et al., 2011). However, there is a general lack of detailed recording of PRP preparation schemes and composition in the current clinical trials, making it impossible to reproduce the trial or compare the efficiency of PRP prepared by different systems (Abate et al., 2012). A systematic review of PRP application in orthopedic practice shows that among the 105 clinical studies included, only 11 (10%) submitted comprehensive PRP preparation reports, and 17 (16%) reported PRP composition (Chahla et al., 2017). Another recent study found that only a third of studies among all specialties, including musculoskeletal specialties, provided details on the PRP processing and characteristics, with only half of those studies performing leukocyte analysis (Nazaroff et al., 2021). Classification systems that can evaluate PRP are available now. The platelet, activation, white blood cell (PAW) classification system designed by DeLong et al. (2012) is regarded as a feasible PRP classification system. The PAW system evaluates the platelet count, activation methods, and leukocyte and neutrophil concentrations of PRP. Therefore, it can accurately compare the efficacies of PRP with different compositions and facilitate further exploration of optimal PRP ingredients. The concentration level for some other important growth factors, such as PDGF, TGF-β, and VEGF, should also be considered (Chen et al., 2022).
PRP can maintain an anticoagulation state for up to 8 h. However, PRP must be activated to release platelet granule content to exert treatment effects. The activated RPR will form a growth factor-rich blood clot that can release high-concentration growth factors and play a positive role in promoting the proliferation and migration of tenocytes and the formation of a tendon matrix. The choice of PRP activators and the activation duration will affect the release rate of growth factors, causing differences in the overall efficacy (Chen et al., 2018). Bovine thrombin and calcium chloride are the two most widely used PRP activators. Bovine thrombin is not recommended because it causes faster release of the growth factors from the platelet and has toxicity on human bodies. Marx (2004) showed that bovine thrombin caused 70% of the growth factors from platelet to release in 10 min and nearly 100% of the growth factors to release in 1 h. Furthermore, the use of bovine thrombin as the clotting initiator could put patients at risk of coagulopathy (Alsousou et al., 2013). Calcium chloride is safe but with a longer activation time (at least 20 min). Preparing and using calcium chloride solution to activate PRP will not expose patients to viruses or prions. The addition of calcium chloride results in the formation of a dense fibrin matrix, and intact platelets are subsequently trapped within (Abate et al., 2012). This system minimizes platelet activation, and the result is a slow release of growth factors over a 7-day period. Endogenous type I collage is also considered to be able to activate platelets within PRP to release growth factors (DeLong et al., 2012). An in vitro experiment compared the differences in activation effects on human PRP between type I collagen and bovine thrombin (Fufa et al., 2008; DeLong et al., 2012). This experiment found that from day 1 to day 10, the release volumes of PDGF-AB and VEGF for the two groups were approximately equal. However, from day 1 to day 5, the release volume of TGF-β for the type I collagen group was higher, and the shrinkage of the blood clot was significantly inhibited. This proved that type I collagen is effective in activating PRP. Photoactivation is considered an alternative to platelet activation. A recent study has compared the light-activated PRP with the chloride-activated PRP (Irmak et al., 2020). Studies have shown that the activation of platelets using a polychromatic light source (wavelengths in the range of 600–1,200 nm, near-infrared region) for 10 min will cause a sustainable release of growth factors for 28 days. Compared with the calcium-chloride-activated PRP, the light-activated PRP maximizes the release time of growth factors, such as PDGF, FGF, and TGF-β1, with a higher release volume.
During the treatment of tendinopathy, how to concentrate PRP at the lesion site efficiently and safely is one of the key factors that affect treatment outcomes. PRP injection to the osteotendinous junction, tendon, or myotendinous junction, respectively, will produce diverse outcomes, indicating the efficacy varies by administration positions (Anitua et al., 2009). Ultrasound-guided musculoskeletal procedures have become an effective administration therapy and are more widely used for the treatment of musculoskeletal diseases (Barile et al., 2016). Ultrasound-guided PRP injection technique allows the surgeons to control the depth of needle insertion and accurately deliver PRP to the lesion site of tendons (de Vos et al., 2010a). Some researchers use a peppering injection technique to eliminate the range of inflammation and stimulate the self-healing process of the tendon (Edwards and Calandruccio, 2003). In recent years, various PRP delivery systems have been successfully developed, including injectable biodegradable gelatin hydrogel microspheres and biological macromolecule hybrid hydrogels (Nagae et al., 2007; Saito et al., 2009; Lu et al., 2019). Choi et al. (2020) used microfluidics to fabricate biodegradable PRP-loaded polyethylene glycol microspheres. This system dramatically slowed the degradation of polyethylene glycol, achieved the sustained release of growth factors within PRP, and to some extent, resolved the fast-release problem of growth factors with a single injection.
The number of PRP administrations is also a key factor. Research shows that a single injection and multiple injections bring different outcomes in the treatment of tendinopathy (Zayni et al., 2015). A meta-analysis discussing the efficacy of PRP on patellar tendinopathy has shown that a single injection of PRP delivers better outcomes in the short term, whereas multiple PRP injections demonstrate more obvious benefits in the long term (Andriolo et al., 2019). Therefore, personalized PRP administration protocols should be given to patients based on their tolerance and the severity of symptoms. For chronic tendinopathy with severe symptoms, it is suggested to combine multiple PRP injections with rehabilitation training (Kon et al., 2009).
PRP application may offer different outcomes according to the tendon disorders considered. The specific anatomical areas of the tendon and tendinopathy pathological progress could be potential factors that affect the efficacy of PRP. Patellar tendons seem to benefit from PRP injections. A systematic review, including 70 studies with 2,350 patients, has shown that multiple PRP injections are an appropriate option for patients with chronic patellar tendinopathy (Andriolo et al., 2019). Dragoo et al. (2014) compared clinical outcomes in patellar tendinopathy after a single ultrasound-guided LR-PRP injection versus dry needling. At 12 weeks after treatment, the PRP group showed a better Victorian Institute of Sports Assessment score for patellar tendinopathy than the dry needling group. No significant difference was observed in the scores of the two groups at 26 weeks. This indicates that patellar tendinopathy can benefit from PRP in the early stage of the treatment. However, results in the Achilles tendon do not justify the application of the evaluated platelet concentrates, neither conservatively nor surgically. A meta-analysis, including five randomized control trials with 189 patients, has reported that PRP injection therapy for chronic Achilles tendinopathy is not better than placebo treatment (Liu et al., 2019). The first double-blind, randomized control trial was authored by the group of de Vos et al., who compared a single non-activated intratendinous injection of PRP in patients with chronic midportion Achilles tendinopathy against a single injection of saline (de Vos et al., 2010b; de Jonge et al., 2011). Although an overall improvement was described in both groups, the authors failed to show any significant inter-group differences. Similar results were also reported by Krogh et al. (2016), who found no difference between PRP and saline solution 3 months after the injective treatment. Lateral elbow tendinopathy showed improvement with the application of PRP in most of the high-level studies. A meta-analysis, including seven randomized control trials with 515 patients, showed that 6 months after treatment, the PRP group was better than the local corticosteroid injection group in relieving pain and improving elbow function (Xu et al., 2019). Another systematic review, including nine meta-analyses with 8,656 patients, revealed that corticosteroid injection can improve the function and relieve the pain for patients with lateral epicondylitis in the short term, and PRP injection is the most effective therapy in the middle term (Houck et al., 2019). The findings on the PRP conservative treatment of rotator cuff are still too limited to provide viable indications. A systematic review, including five randomized control trials, showed that for patients with chronic rotator cuff injury, PRP injections may not be beneficial in the short term. When directly compared with exercise therapy, PRP does not result in superior functional outcomes, pain scores, or range of motion (Hurley et al., 2019). With respect to the surgical application, PRP has been widely used as a biological enhancer during or immediately after arthroscopic rotator cuff repair. There is more consistent literature with an overall agreement on the benefit of PRP surgical augmentation (Jo et al., 2013; Malavolta et al., 2014; Pandey et al., 2016).
From a clinical viewpoint, an important consideration is the considerable pathogenetic heterogeneity of tendinopathy. The pathological characteristics of treated tendinopathy are not always described in detail in the published work, which limits the validity of study conclusions and hinders comparisons across studies (Nourissat et al., 2015b). Distinct injury–repair reactions will occur in different pathological stages of tendinopathy. An appropriate description of the patient’s medical history and an accurate evaluation of the tendinopathy pathological stage based on the continuum model is necessary in the manuscripts. Useful information could no doubt be obtained by performing studies in narrower indications, probably at an early stage of the tendon disease. Currently, the available scientific evidence does not warrant the use of PRP for the first-line treatment of tendinopathy. PRP therapy may deserve consideration in specific tendinopathy subtypes after the failure of ultrasound-guided corticosteroid injections. Nevertheless, further studies are needed to define these potential indications and the optimal treatment protocols.
Moreover, considering tendinopathy in competitive athletes and the possible use of PRP for tissue recovery, the world anti-doping agency (WADA) position on this treatment is particularly important. According to the 2023 list of prohibited substances and methods, growth factors and growth factor modulators affecting muscle, tendon, or ligament protein synthesis/degradation, vascularization, energy utilization, and regenerative capacity of fiber type switching are prohibited at all times (in- and out-of-competition). Activated PRP contains a variety of growth factors, including PDGF, HGF, VEGF, and FGF, which should be prohibited in principle. For competitive athletes with tendinopathy, using PRP for treatment is required to be in compliance with the appropriate international standards for therapeutic use exemptions and to obtain the legal right for PRP therapy. Notably, the latest international standard for therapeutic use exemption stipulates that athletes may be granted a therapeutic use exemption if (and only if) they can show on the balance of probabilities that each of the following conditions is met. a) The prohibited substance or method in question is needed to treat a diagnosed medical condition supported by relevant clinical evidence. b) The therapeutic use of the prohibited substance or prohibited method will not, on the balance of probabilities, produce any additional enhancement of performance beyond what might be anticipated by a return to the athlete’s normal state of health following the treatment of the medical condition. c) The prohibited substance or method is an indicated treatment for the medical condition, and there is no reasonably permitted therapeutic alternative. d) The necessity for the use of the prohibited substance or method is not a consequence, wholly or in part, of the prior use of a substance or method which was prohibited at the time of such use. Competitive athletes with tendinopathy and their coaches should decide whether to use PRP for tendinopathy after giving full consideration to the regulations above and are required to submit a request to the competent authority to obtain the legal right to apply PRP therapy.
5 CONCLUSION
PRP is self-derived and easily accessible without risk of immune rejection or disease transmission. PRP has been gradually applied in the treatment of many diseases, especially in the field of musculoskeletal, and has shown certain curative effects. Researchers have conducted several trials over the past decade to assess the efficacy of PRP for tendinopathy. However, some experimental results are conflicting, and there is no consensus regarding the efficacy of PRP for tendinopathy. The controversy over the results can be attributed to differences among studies, known as “4D,” which means differences in PRP ingredient, mode of administration, donor (patient), and disease (type, stage). This article focuses on the pathogenesis of tendinopathy and attempts to combine the PRP mechanism with the pathological process of tendinopathy, thereby better understanding how PRP treats tendinopathy and the reasons for the differences in the clinical outcomes. Moreover, based on fundamental research, this article integrates the specific molecular and cellular mechanisms by which PRP manipulates tendon healing, including promoting tendon regeneration and modulating inflammation in tendinopathy. Future studies should further elucidate PRP and tendinopathy/tendon regeneration interaction, as well as the optimal PRP component and application mode, depending on the type and stage of tendinopathy. Finally, although the safety of this biological approach obtains overall support, reports about adverse consequences still exist. Therefore, the prognosis of PRP in all studies needs to be documented to clearly identify possible contraindications. Based on current literature, PRP should not be used indiscriminately in clinical practice for tendinopathy but rather as a second-line treatment until further evidence provides a clear indication. Clinicians should be aware of the different therapeutic potentials of PRP for different types or stages of tendinopathy and should provide suitable treatment for patients with tendinopathy.
AUTHOR CONTRIBUTIONS
JL: writing—original draft. HL: conceptualization. ZZ: conceptualization. RX: supervision. JW: investigation and methodology. HJ: investigation and methodology. All authors contributed to the article and approved the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abate, M., Di Gregorio, P., Schiavone, C., Salini, V., Tosi, U., and Muttini, A. (2012). Platelet rich plasma in tendinopathies: How to explain the failure. Int. J. Immunopathol. Pharmacol. 25 (2), 325–334. doi:10.1177/039463201202500202
 Abraham, A. C., Shah, S. A., Golman, M., Song, L., Li, X., Kurtaliaj, I., et al. (2019). Targeting the NF-κB signaling pathway in chronic tendon disease. Sci. Transl. Med. 11 (481), eaav4319. doi:10.1126/scitranslmed.aav4319
 Ackermann, P. W., Li, J., Lundeberg, T., and Kreicbergs, A. (2003). Neuronal plasticity in relation to nociception and healing of rat achilles tendon. J. Orthop. Res. 21 (3), 432–441. doi:10.1016/S0736-0266(02)00207-3
 Afifi, W. M., Abo Elsaoud, A. M., Elgawish, M. H., and Ghorab, A. M. (2019). Musculoskeletal manifestations in end-stage renal disease patients on hemodialysis and relation to parathyroid dysfunction. Saudi J. Kidney Dis. Transpl. 30 (1), 68–82. doi:10.4103/1319-2442.252935
 Alsousou, J., Ali, A., Willett, K., and Harrison, P. (2013). The role of platelet-rich plasma in tissue regeneration. Platelets 24 (3), 173–182. doi:10.3109/09537104.2012.684730
 Alsousou, J., Thompson, M., Harrison, P., Willett, K., and Franklin, S. (2015). Effect of platelet-rich plasma on healing tissues in acute ruptured achilles tendon: A human immunohistochemistry study. Lancet 385 (1), S19. doi:10.1016/S0140-6736(15)60334-8
 Andarawis-Puri, N., Flatow, E. L., and Soslowsky, L. J. (2015). Tendon basic science: Development, repair, regeneration, and healing. J. Orthop. Res. 33 (6), 780–784. doi:10.1002/jor.22869
 Andia, I., and Abate, M. (2018). Platelet-rich plasma: Combinational treatment modalities for musculoskeletal conditions. Front. Med. 12 (2), 139–152. doi:10.1007/s11684-017-0551-6
 Andia, I., and Maffulli, N. (2013). Platelet-rich plasma for managing pain and inflammation in osteoarthritis. Nat. Rev. Rheumatol. 9 (12), 721–730. doi:10.1038/nrrheum.2013.141
 Andia, I., Martin, J. I., and Maffulli, N. (2018). Advances with platelet rich plasma therapies for tendon regeneration. Expert Opin. Biol. Ther. 18 (4), 389–398. doi:10.1080/14712598.2018.1424626
 Andia, I., Rubio-Azpeitia, E., and Maffulli, N. (2015). Platelet-rich plasma modulates the secretion of inflammatory/angiogenic proteins by inflamed tenocytes. Clin. Orthop. Relat. Res. 473 (5), 1624–1634. doi:10.1007/s11999-015-4179-z
 Andia, I., Sanchez, M., and Maffulli, N. (2012). Joint pathology and platelet-rich plasma therapies. Expert Opin. Biol. Ther. 12 (1), 7–22. doi:10.1517/14712598.2012.632765
 Andriolo, L., Altamura, S. A., Reale, D., Candrian, C., Zaffagnini, S., and Filardo, G. (2019). Nonsurgical treatments of patellar tendinopathy: Multiple injections of platelet-rich plasma are a suitable option: A systematic review and meta-analysis. Am. J. Sports Med. 47 (4), 1001–1018. doi:10.1177/0363546518759674
 Anitua, E., Andia, I., Sanchez, M., Azofra, J., del Mar Zalduendo, M., de la Fuente, M., et al. (2005). Autologous preparations rich in growth factors promote proliferation and induce VEGF and HGF production by human tendon cells in culture. J. Orthop. Res. 23 (2), 281–286. doi:10.1016/j.orthres.2004.08.015
 Anitua, E., Sanchez, M., Zalduendo, M. M., de la Fuente, M., Prado, R., Orive, G., et al. (2009). Fibroblastic response to treatment with different preparations rich in growth factors. Cell Prolif. 42 (2), 162–170. doi:10.1111/j.1365-2184.2009.00583.x
 Arnoczky, S. P., Lavagnino, M., Egerbacher, M., Caballero, O., and Gardner, K. (2007). Matrix metalloproteinase inhibitors prevent a decrease in the mechanical properties of stress-deprived tendons: An in vitro experimental study. Am. J. Sports Med. 35 (5), 763–769. doi:10.1177/0363546506296043
 Arnold, L., Henry, A., Poron, F., Baba-Amer, Y., van Rooijen, N., Plonquet, A., et al. (2007). Inflammatory monocytes recruited after skeletal muscle injury switch into antiinflammatory macrophages to support myogenesis. J. Exp. Med. 204 (5), 1057–1069. doi:10.1084/jem.20070075
 Arvind, V., and Huang, A. H. (2021). Reparative and maladaptive inflammation in tendon healing. Front. Bioeng. Biotechnol. 9, 719047. doi:10.3389/fbioe.2021.719047
 Banos, C. C., Thomas, A. H., and Kuo, C. K. (2008). Collagen fibrillogenesis in tendon development: Current models and regulation of fibril assembly. Birth Defects Res. C Embryo Today 84 (3), 228–244. doi:10.1002/bdrc.20130
 Barile, A., La Marra, A., Arrigoni, F., Mariani, S., Zugaro, L., Splendiani, A., et al. (2016). Anaesthetics, steroids and platelet-rich plasma (PRP) in ultrasound-guided musculoskeletal procedures. Br. J. Radiol. 89 (1065), 20150355. doi:10.1259/bjr.20150355
 Basdelioglu, K., Meric, G., Sargin, S., Atik, A., Ulusal, A. E., and Akseki, D. (2020). The effect of platelet-rich plasma on fracture healing in long-bone pseudoarthrosis. Eur. J. Orthop. Surg. Traumatol. 30 (8), 1481–1486. doi:10.1007/s00590-020-02730-2
 Battery, L., and Maffulli, N. (2011). Inflammation in overuse tendon injuries. Sports Med. Arthrosc. Rev. 19 (3), 213–217. doi:10.1097/JSA.0b013e31820e6a92
 Bedi, A., Fox, A. J., Kovacevic, D., Deng, X. H., Warren, R. F., and Rodeo, S. A. (2010). Doxycycline-mediated inhibition of matrix metalloproteinases improves healing after rotator cuff repair. Am. J. Sports Med. 38 (2), 308–317. doi:10.1177/0363546509347366
 Bendinelli, P., Matteucci, E., Dogliotti, G., Corsi, M. M., Banfi, G., Maroni, P., et al. (2010). Molecular basis of anti-inflammatory action of platelet-rich plasma on human chondrocytes: Mechanisms of NF-κB inhibition via HGF. J. Cell Physiol. 225 (3), 757–766. doi:10.1002/jcp.22274
 Best, K. T., Lee, F. K., Knapp, E., Awad, H. A., and Loiselle, A. E. (2019). Deletion of NFKB1 enhances canonical NF-κB signaling and increases macrophage and myofibroblast content during tendon healing. Sci. Rep. 9 (1), 10926. doi:10.1038/s41598-019-47461-5
 Bi, Y., Ehirchiou, D., Kilts, T. M., Inkson, C. A., Embree, M. C., Sonoyama, W., et al. (2007). Identification of tendon stem/progenitor cells and the role of the extracellular matrix in their niche. Nat. Med. 13 (10), 1219–1227. doi:10.1038/nm1630
 Boesen, A. P., Hansen, R., Boesen, M. I., Malliaras, P., and Langberg, H. (2017). Effect of high-volume injection, platelet-rich plasma, and sham treatment in chronic midportion achilles tendinopathy: A randomized double-blinded prospective study. Am. J. Sports Med. 45 (9), 2034–2043. doi:10.1177/0363546517702862
 Bonilla-Gutierrez, A. F., Castillo-Franz, C., Lopez, C., Alvarez, M. E., Giraldo, C. E., and Carmona, J. U. (2018). Equine suspensory ligament and tendon explants cultured with platelet-rich gel supernatants release different anti-inflammatory and anabolic mediators. Biomed. Pharmacother. 108, 476–485. doi:10.1016/j.biopha.2018.09.065
 Bosch, G., Moleman, M., Barneveld, A., van Weeren, P. R., and van Schie, H. T. (2011). The effect of platelet-rich plasma on the neovascularization of surgically created equine superficial digital flexor tendon lesions. Scand. J. Med. Sci. Sports 21 (4), 554–561. doi:10.1111/j.1600-0838.2009.01070.x
 Braun, H. J., Kim, H. J., Chu, C. R., and Dragoo, J. L. (2014). The effect of platelet-rich plasma formulations and blood products on human synoviocytes: Implications for intra-articular injury and therapy. Am. J. Sports Med. 42 (5), 1204–1210. doi:10.1177/0363546514525593
 Brockmeyer, M., Diehl, N., Schmitt, C., Kohn, D. M., and Lorbach, O. (2015). Results of surgical treatment of chronic patellar tendinosis (Jumper's Knee): A Systematic Review of the Literature. Arthroscopy 31 (12), 2424–2429.e3. doi:10.1016/j.arthro.2015.06.010
 Burnouf, T., Goubran, H. A., Chou, M. L., Devos, D., and Radosevic, M. (2014). Platelet microparticles: detection and assessment of their paradoxical functional roles in disease and regenerative medicine. Blood Rev. 28 (4), 155–166. doi:10.1016/j.blre.2014.04.002
 Busch, F., Mobasheri, A., Shayan, P., Stahlmann, R., and Shakibaei, M. (2012). Sirt-1 is required for the inhibition of apoptosis and inflammatory responses in human tenocytes. J. Biol. Chem. 287 (31), 25770–25781. doi:10.1074/jbc.M112.355420
 Campbell, A. L., Smith, N. C., Reilly, J. H., Kerr, S. C., Leach, W. J., Fazzi, U. G., et al. (2014). IL-21 receptor expression in human tendinopathy. Mediat. Inflamm. 2014, 1–7. doi:10.1155/2014/481206
 Carpenter, J. E., and Hankenson, K. D. (2004). Animal models of tendon and ligament injuries for tissue engineering applications. Biomaterials 25 (9), 1715–1722. doi:10.1016/S0142-9612(03)00507-6
 Castillo, T. N., Pouliot, M. A., Kim, H. J., and Dragoo, J. L. (2011). Comparison of growth factor and platelet concentration from commercial platelet-rich plasma separation systems. Am. J. Sports Med. 39 (2), 266–271. doi:10.1177/0363546510387517
 Chahal, J., Van Thiel, G. S., Mall, N., Heard, W., Bach, B. R., Cole, B. J., et al. (2012). The role of platelet-rich plasma in arthroscopic rotator cuff repair: a systematic review with quantitative synthesis. Arthroscopy 28 (11), 1718–1727. doi:10.1016/j.arthro.2012.03.007
 Chahla, J., Cinque, M. E., Piuzzi, N. S., Mannava, S., Geeslin, A. G., Murray, I. R., et al. (2017). A Call for Standardization in Platelet-Rich Plasma Preparation Protocols and Composition Reporting: A Systematic Review of the Clinical Orthopaedic Literature. J. Bone Jt. Surg. Am. 99 (20), 1769–1779. doi:10.2106/JBJS.16.01374
 Chan, B. P., Chan, K. M., Maffulli, N., Webb, S., and Lee, K. K. (1997). Effect of basic fibroblast growth factor. An in vitro study of tendon healing. Clin. Orthop. Relat. Res. 342, 239–247. doi:10.1097/00003086-199709000-00031
 Chen, J., Svensson, J., Sundberg, C. J., Ahmed, A. S., and Ackermann, P. W. (2021). FGF gene expression in injured tendons as a prognostic biomarker of 1-year patient outcome after Achilles tendon repair. J. Exp. Orthop. 8 (1), 20. doi:10.1186/s40634-021-00335-0
 Chen, J., Wan, Y., and Jiang, H. (2022). The effect of platelet-rich plasma injection on chronic Achilles tendinopathy and acute Achilles tendon rupture. Platelets 33 (3), 339–349. doi:10.1080/09537104.2021.1961712
 Chen, L., Dong, S. W., Tao, X., Liu, J. P., Tang, K. L., and Xu, J. Z. (2012). Autologous platelet-rich clot releasate stimulates proliferation and inhibits differentiation of adult rat tendon stem cells towards nontenocyte lineages. J. Int. Med. Res. 40 (4), 1399–1409. doi:10.1177/147323001204000418
 Chen, L., Liu, J. P., Tang, K. L., Wang, Q., Wang, G. D., Cai, X. H., et al. (2014). Tendon derived stem cells promote platelet-rich plasma healing in collagenase-induced rat achilles tendinopathy. Cell Physiol. Biochem. 34 (6), 2153–2168. doi:10.1159/000369659
 Chen, Q., Lu, H., and Yang, H. (2015). Chitosan prevents adhesion during rabbit flexor tendon repair via the sirtuin 1 signaling pathway. Mol. Med. Rep. 12 (3), 4598–4603. doi:10.3892/mmr.2015.4007
 Chen, X., Jones, I. A., Park, C., and Vangsness, C. T. (2018). The Efficacy of Platelet-Rich Plasma on Tendon and Ligament Healing: A Systematic Review and Meta-analysis With Bias Assessment. Am. J. Sports Med. 46 (8), 2020–2032. doi:10.1177/0363546517743746
 Chisari, E., Rehak, L., Khan, W. S., and Maffulli, N. (2019). Tendon healing in presence of chronic low-level inflammation: a systematic review. Br. Med. Bull. 132 (1), 97–116. doi:10.1093/bmb/ldz035
 Chisari, E., Rehak, L., Khan, W. S., and Maffulli, N. (2021). Tendon healing is adversely affected by low-grade inflammation. J. Orthop. Surg. Res. 16 (1), 700. doi:10.1186/s13018-021-02811-w
 Choi, M. H., Blanco, A., Stealey, S., Duan, X., Case, N., Sell, S. A., et al. (2020). Micro-Clotting of Platelet-Rich Plasma Upon Loading in Hydrogel Microspheres Leads to Prolonged Protein Release and Slower Microsphere Degradation. Polym. (Basel) 12 (8), 1712. doi:10.3390/polym12081712
 Chuen, F. S., Chuk, C. Y., Ping, W. Y., Nar, W. W., Kim, H. L., and Ming, C. K. (2004a). Immunohistochemical characterization of cells in adult human patellar tendons. J. Histochem Cytochem 52 (9), 1151–1157. doi:10.1369/jhc.3A6232.2004
 Chuen, F. S., Chuk, C. Y., Ping, W. Y., Nar, W. W., Kim, H. L., and Ming, C. K. (2004b). Immunohistochemical characterization of cells in adult human patellar tendons. J. Histochem. Cytochem. 52 (9), 1151–1157. doi:10.1369/jhc.3A6232.2004
 Chung, S. W., Huong, C. B., Kim, S. H., and Oh, J. H. (2013). Shoulder stiffness after rotator cuff repair: risk factors and influence on outcome. Arthroscopy 29 (2), 290–300. doi:10.1016/j.arthro.2012.08.023
 Citeroni, M. R., Ciardulli, M. C., Russo, V., Della Porta, G., Mauro, A., El Khatib, M., et al. (2020). In vitro Innovation of Tendon Tissue Engineering Strategies. Int. J. Mol. Sci. 21 (18), 6726. doi:10.3390/ijms21186726
 Cook, J. L., and Purdam, C. R. (2009). Is tendon pathology a continuum? A pathology model to explain the clinical presentation of load-induced tendinopathy. Br. J. Sports Med. 43 (6), 409–416. doi:10.1136/bjsm.2008.051193
 Cross, J. A., Cole, B. J., Spatny, K. P., Sundman, E., Romeo, A. A., Nicholson, G. P., et al. (2015). Leukocyte-Reduced Platelet-Rich Plasma Normalizes Matrix Metabolism in Torn Human Rotator Cuff Tendons. Am. J. Sports Med. 43 (12), 2898–2906. doi:10.1177/0363546515608157
 D'Addona, A., Maffulli, N., Formisano, S., and Rosa, D. (2017). Inflammation in tendinopathy. Surgeon 15 (5), 297–302. doi:10.1016/j.surge.2017.04.004
 Dai, W., Yan, W., Leng, X., Wang, J., Hu, X., Cheng, J., et al. (2023). Efficacy of Platelet-Rich Plasma Versus Placebo in the Treatment of Tendinopathy: A Meta-analysis of Randomized Controlled Trials. Clin. J. Sport Med. 33 (1), 69–77. doi:10.1097/JSM.0000000000000961
 Dakin, S. G., Dudhia, J., and Smith, R. K. (2014). Resolving an inflammatory concept: the importance of inflammation and resolution in tendinopathy. Vet. Immunol. Immunopathol. 158 (3-4), 121–127. doi:10.1016/j.vetimm.2014.01.007
 Dakin, S. G., Martinez, F. O., Yapp, C., Wells, G., Oppermann, U., Dean, B. J., et al. (2015). Inflammation activation and resolution in human tendon disease. Sci. Transl. Med. 7 (311), 311ra173. doi:10.1126/scitranslmed.aac4269
 Dakin, S. G., Newton, J., Martinez, F. O., Hedley, R., Gwilym, S., Jones, N., et al. (2018). Chronic inflammation is a feature of Achilles tendinopathy and rupture. Br. J. Sports Med. 52 (6), 359–367. doi:10.1136/bjsports-2017-098161
 Dakin, S. G., Werling, D., Hibbert, A., Abayasekara, D. R., Young, N. J., Smith, R. K., et al. (2012). Macrophage sub-populations and the lipoxin A4 receptor implicate active inflammation during equine tendon repair. PLoS One 7 (2), e32333. doi:10.1371/journal.pone.0032333
 Dallaudiere, B., Lempicki, M., Pesquer, L., Louedec, L., Preux, P. M., Meyer, P., et al. (2013). Acceleration of tendon healing using US guided intratendinous injection of bevacizumab: first pre-clinical study on a murine model. Eur. J. Radiol. 82 (12), e823–e828. doi:10.1016/j.ejrad.2013.06.012
 Dallaudiere, B., Zurlinden, O., Perozziello, A., Deschamps, L., Larbi, A., Louedec, L., et al. (2014). Combined intra-tendinous injection of Platelet Rich Plasma and bevacizumab accelerates and improves healing compared to Platelet Rich Plasma in tendinosis: comprehensive assessment on a rat model. Muscles Ligaments Tendons J. 4 (3), 351–356.
 de Jonge, S., de Vos, R. J., Weir, A., van Schie, H. T., Bierma-Zeinstra, S. M., Verhaar, J. A., et al. (2011). One-year follow-up of platelet-rich plasma treatment in chronic Achilles tendinopathy: a double-blind randomized placebo-controlled trial. Am. J. Sports Med. 39 (8), 1623–1630. doi:10.1177/0363546511404877
 de Mos, M., van der Windt, A. E., Jahr, H., van Schie, H. T., Weinans, H., Verhaar, J. A., et al. (2008). Can platelet-rich plasma enhance tendon repair? A cell culture study. Am. J. Sports Med. 36 (6), 1171–1178. doi:10.1177/0363546508314430
 de Oliveira, R. R., Martins, C. S., Rocha, Y. R., Braga, A. B., Mattos, R. M., Hecht, F., et al. (2013). Experimental diabetes induces structural, inflammatory and vascular changes of Achilles tendons. PLoS One 8 (10), e74942. doi:10.1371/journal.pone.0074942
 de Vos, R. J. (2016). Does Platelet-Rich Plasma Increase Tendon Metabolism?Adv. Exp. Med. Biol. 920, 263–273. doi:10.1007/978-3-319-33943-6_25
 de Vos, R. J., van Veldhoven, P. L., Moen, M. H., Weir, A., Tol, J. L., and Maffulli, N. (2010a). Autologous growth factor injections in chronic tendinopathy: a systematic review. Br. Med. Bull. 95, 63–77. doi:10.1093/bmb/ldq006
 de Vos, R. J., Weir, A., Tol, J. L., Verhaar, J. A., Weinans, H., and van Schie, H. T. (2011). No effects of PRP on ultrasonographic tendon structure and neovascularisation in chronic midportion Achilles tendinopathy. Br. J. Sports Med. 45 (5), 387–392. doi:10.1136/bjsm.2010.076398
 de Vos, R. J., Weir, A., van Schie, H. T., Bierma-Zeinstra, S. M., Verhaar, J. A., Weinans, H., et al. (2010b). Platelet-rich plasma injection for chronic Achilles tendinopathy: a randomized controlled trial. JAMA 303 (2), 144–149. doi:10.1001/jama.2009.1986
 Del Buono, A., Battery, L., Denaro, V., Maccauro, G., and Maffulli, N. (2011). Tendinopathy and inflammation: some truths. Int. J. Immunopathol. Pharmacol. 24, 45–50. doi:10.1177/03946320110241S209
 Del Buono, A., Oliva, F., Osti, L., and Maffulli, N. (2013). Metalloproteases and tendinopathy. Muscles Ligaments Tendons J. 3 (1), 51–57. doi:10.32098/mltj.01.2013.08
 DeLong, J. M., Russell, R. P., and Mazzocca, A. D. (2012). Platelet-rich plasma: the PAW classification system. Arthroscopy 28 (7), 998–1009. doi:10.1016/j.arthro.2012.04.148
 Derwin, K. A., Soslowsky, L. J., Kimura, J. H., and Plaas, A. H. (2001). Proteoglycans and glycosaminoglycan fine structure in the mouse tail tendon fascicle. J. Orthop. Res. 19(2), 269–277. doi:10.1016/S0736-0266(00)00032-2
 Diniz-Fernandes, T., Godoy-Santos, A. L., Santos, M. C., Pontin, P., Pereira, C. A. A., Jardim, Y. J., et al. (2018). Matrix metalloproteinase-1 (MMP-1) and (MMP-8) gene polymorphisms promote increase and remodeling of the collagen III and V in posterior tibial tendinopathy. Histol. Histopathol. 33 (9), 929–936. doi:10.14670/HH-11-982
 Docheva, D., Muller, S. A., Majewski, M., and Evans, C. H. (2015). Biologics for tendon repair. Adv. Drug Deliv. Rev. 84, 222–239. doi:10.1016/j.addr.2014.11.015
 Dolkart, O., Chechik, O., Zarfati, Y., Brosh, T., Alhajajra, F., and Maman, E. (2014). A single dose of platelet-rich plasma improves the organization and strength of a surgically repaired rotator cuff tendon in rats. Arch. Orthop. Trauma Surg. 134 (9), 1271–1277. doi:10.1007/s00402-014-2026-4
 Dragoo, J. L., Wasterlain, A. S., Braun, H. J., and Nead, K. T. (2014). Platelet-rich plasma as a treatment for patellar tendinopathy: a double-blind, randomized controlled trial. Am. J. Sports Med. 42 (3), 610–618. doi:10.1177/0363546513518416
 Edwards, S. G., and Calandruccio, J. H. (2003). Autologous blood injections for refractory lateral epicondylitis. J. Hand Surg. Am. 28 (2), 272–278. doi:10.1053/jhsu.2003.50041
 El-Sharkawy, H., Kantarci, A., Deady, J., Hasturk, H., Liu, H., Alshahat, M., et al. (2007). Platelet-rich plasma: growth factors and pro- and anti-inflammatory properties. J. Periodontol. 78 (4), 661–669. doi:10.1902/jop.2007.060302
 Ersen, A., Demirhan, M., Atalar, A. C., Kapicioglu, M., and Baysal, G. (2014). Platelet-rich plasma for enhancing surgical rotator cuff repair: evaluation and comparison of two application methods in a rat model. Arch. Orthop. Trauma Surg. 134 (3), 405–411. doi:10.1007/s00402-013-1914-3
 Evrova, O., and Buschmann, J. (2017). In vitro and in vivo effects of PDGF-BB delivery strategies on tendon healing: a review. Eur. Cell Mater 34, 15–39. doi:10.22203/eCM.v034a02
 Ferreira, S. H., Nakamura, M., and de Abreu Castro, M. S. (1978). The hyperalgesic effects of prostacyclin and prostaglandin E2. Prostaglandins 16 (1), 31–37. doi:10.1016/0090-6980(78)90199-5
 Filardo, G., Di Matteo, B., Kon, E., Merli, G., and Marcacci, M. (2018). Platelet-rich plasma in tendon-related disorders: results and indications. Knee Surg. Sports Traumatol. Arthrosc. 26 (7), 1984–1999. doi:10.1007/s00167-016-4261-4
 Finnoff, J. T., Fowler, S. P., Lai, J. K., Santrach, P. J., Willis, E. A., Sayeed, Y. A., et al. (2011). Treatment of chronic tendinopathy with ultrasound-guided needle tenotomy and platelet-rich plasma injection. PM R. 3 (10), 900–911. doi:10.1016/j.pmrj.2011.05.015
 Fitzpatrick, J., Bulsara, M. K., McCrory, P. R., Richardson, M. D., and Zheng, M. H. (2017b). Analysis of Platelet-Rich Plasma Extraction: Variations in Platelet and Blood Components Between 4 Common Commercial Kits. Orthop. J. Sports Med. 5 (1), 232596711667527. doi:10.1177/2325967116675272
 Fitzpatrick, J., Bulsara, M., and Zheng, M. H. (2017a). The Effectiveness of Platelet-Rich Plasma in the Treatment of Tendinopathy: A Meta-analysis of Randomized Controlled Clinical Trials. Am. J. Sports Med. 45 (1), 226–233. doi:10.1177/0363546516643716
 Flad, H. D., and Brandt, E. (2010). Platelet-derived chemokines: pathophysiology and therapeutic aspects. Cell Mol. Life Sci. 67 (14), 2363–2386. doi:10.1007/s00018-010-0306-x
 Fleming, B. C., Spindler, K. P., Palmer, M. P., Magarian, E. M., and Murray, M. M. (2009). Collagen-platelet composites improve the biomechanical properties of healing anterior cruciate ligament grafts in a porcine model. Am. J. Sports Med. 37 (8), 1554–1563. doi:10.1177/0363546509332257
 Fufa, D., Shealy, B., Jacobson, M., Kevy, S., and Murray, M. M. (2008). Activation of platelet-rich plasma using soluble type I collagen. J. Oral Maxillofac. Surg. 66 (4), 684–690. doi:10.1016/j.joms.2007.06.635
 Fukawa, T., Yamaguchi, S., Watanabe, A., Sasho, T., Akagi, R., Muramatsu, Y., et al. (2015). Quantitative Assessment of Tendon Healing by Using MR T2 Mapping in a Rabbit Achilles Tendon Transection Model Treated with Platelet-rich Plasma. Radiology 276 (3), 748–755. doi:10.1148/radiol.2015141544
 Garcia, J., Hurwitz, H. I., Sandler, A. B., Miles, D., Coleman, R. L., Deurloo, R., et al. (2020). Bevacizumab (Avastin®) in cancer treatment: A review of 15 years of clinical experience and future outlook. Cancer Treat. Rev. 86, 102017. doi:10.1016/j.ctrv.2020.102017
 Gawaz, M., and Vogel, S. (2013). Platelets in tissue repair: control of apoptosis and interactions with regenerative cells. Blood 122 (15), 2550–2554. doi:10.1182/blood-2013-05-468694
 Ghasemzadeh, M., Kaplan, Z. S., Alwis, I., Schoenwaelder, S. M., Ashworth, K. J., Westein, E., et al. (2013). The CXCR1/2 ligand NAP-2 promotes directed intravascular leukocyte migration through platelet thrombi. Blood 121 (22), 4555–4566. doi:10.1182/blood-2012-09-459636
 Gill, T. J. t., Carroll, K. M., and Hariri, S. (2013). Open Patellar Tendon Debridement for Treatment of Recalcitrant Patellar Tendinopathy: Indications, Technique, and Clinical Outcomes After a 2-Year Minimum Follow-up. Sports Health 5 (3), 276–280. doi:10.1177/1941738112467950
 Giordano, L., Porta, G. D., Peretti, G. M., and Maffulli, N. (2020). Therapeutic potential of microRNA in tendon injuries. Br. Med. Bull. 133 (1), 79–94. doi:10.1093/bmb/ldaa002
 Gleissner, C. A., Shaked, I., Little, K. M., and Ley, K. (2010). CXC chemokine ligand 4 induces a unique transcriptome in monocyte-derived macrophages. J. Immunol. 184 (9), 4810–4818. doi:10.4049/jimmunol.0901368
 Goncalves, A. I., Rodrigues, M. T., Lee, S. J., Atala, A., Yoo, J. J., Reis, R. L., et al. (2013). Understanding the role of growth factors in modulating stem cell tenogenesis. PLoS One 8 (12), e83734. doi:10.1371/journal.pone.0083734
 Halper, J. (2014). Advances in the use of growth factors for treatment of disorders of soft tissues. Adv. Exp. Med. Biol. 802, 59–76. doi:10.1007/978-94-007-7893-1_5
 Han, P., Cui, Q., Lu, W., Yang, S., Shi, M., Li, Z., et al. (2019). Hepatocyte growth factor plays a dual role in tendon-derived stem cell proliferation, migration, and differentiation. J. Cell Physiol. 234 (10), 17382–17391. doi:10.1002/jcp.28360
 Han, P., Cui, Q., Yang, S., Wang, H., Gao, P., and Li, Z. (2017). Tumor necrosis factor-α and transforming growth factor-β1 facilitate differentiation and proliferation of tendon-derived stem cells in vitro. Biotechnol. Lett. 39 (5), 711–719. doi:10.1007/s10529-017-2296-3
 Hansen, M., Boesen, A., Holm, L., Flyvbjerg, A., Langberg, H., and Kjaer, M. (2013). Local administration of insulin-like growth factor-I (IGF-I) stimulates tendon collagen synthesis in humans. Scand. J. Med. Sci. Sports 23 (5), 614–619. doi:10.1111/j.1600-0838.2011.01431.x
 Hapa, O., Cakici, H., Kukner, A., Aygun, H., Sarkalan, N., and Baysal, G. (2012). Effect of platelet-rich plasma on tendon-to-bone healing after rotator cuff repair in rats: an in vivo experimental study. Acta Orthop. Traumatol. Turc 46 (4), 301–307. doi:10.3944/aott.2012.2664
 Hata, K., Nishimura, R., Ikeda, F., Yamashita, K., Matsubara, T., Nokubi, T., et al. (2003). Differential roles of Smad1 and p38 kinase in regulation of peroxisome proliferator-activating receptor gamma during bone morphogenetic protein 2-induced adipogenesis. Mol. Biol. Cell 14 (2), 545–555. doi:10.1091/mbc.e02-06-0356
 Hershey, G. K. (2003). IL-13 receptors and signaling pathways: an evolving web. J. Allergy Clin. Immunol. 111 (4), 677–690. doi:10.1067/mai.2003.1333
 Houck, D. A., Kraeutler, M. J., Thornton, L. B., McCarty, E. C., and Bravman, J. T. (2019). Treatment of Lateral Epicondylitis With Autologous Blood, Platelet-Rich Plasma, or Corticosteroid Injections: A Systematic Review of Overlapping Meta-analyses. Orthop. J. Sports Med. 7 (3), 232596711983105. doi:10.1177/2325967119831052
 Hudgens, J. L., Sugg, K. B., Grekin, J. A., Gumucio, J. P., Bedi, A., and Mendias, C. L. (2016). Platelet-Rich Plasma Activates Proinflammatory Signaling Pathways and Induces Oxidative Stress in Tendon Fibroblasts. Am. J. Sports Med. 44 (8), 1931–1940. doi:10.1177/0363546516637176
 Hurley, E. T., Hannon, C. P., Pauzenberger, L., Fat, D. L., Moran, C. J., and Mullett, H. (2019). Nonoperative Treatment of Rotator Cuff Disease With Platelet-Rich Plasma: A Systematic Review of Randomized Controlled Trials. Arthroscopy 35 (5), 1584–1591. doi:10.1016/j.arthro.2018.10.115
 Imai, S., Kumagai, K., Yamaguchi, Y., Miyatake, K., and Saito, T. (2019). Platelet-Rich Plasma Promotes Migration, Proliferation, and the Gene Expression of Scleraxis and Vascular Endothelial Growth Factor in Paratenon-Derived Cells in vitro. Sports Health 11 (2), 142–148. doi:10.1177/1941738118807479
 Irmak, G., Demirtas, T. T., and Gumusderelioglu, M. (2020). Sustained release of growth factors from photoactivated platelet rich plasma (PRP). Eur. J. Pharm. Biopharm. 148, 67–76. doi:10.1016/j.ejpb.2019.11.011
 Jafari, L., Hassanisaber, H., Savard, M., Gobeil, F., and Langelier, E. (2019). Efficacy of Combining PRP and MMP Inhibitors in Treating Moderately Damaged Tendons ex vivo. J. Orthop. Res. 37 (8), 1838–1847. doi:10.1002/jor.24319
 James, R., Kesturu, G., Balian, G., and Chhabra, A. B. (2008). Tendon: biology, biomechanics, repair, growth factors, and evolving treatment options. J. Hand Surg. Am. 33 (1), 102–112. doi:10.1016/j.jhsa.2007.09.007
 Jarvinen, T. A. (2020). Neovascularisation in tendinopathy: from eradication to stabilisation?Br. J. Sports Med. 54 (1), 1–2. doi:10.1136/bjsports-2019-100608
 Jiang, G., Wu, Y., Meng, J., Wu, F., Li, S., Lin, M., et al. (2020). Comparison of Leukocyte-Rich Platelet-Rich Plasma and Leukocyte-Poor Platelet-Rich Plasma on Achilles Tendinopathy at an Early Stage in a Rabbit Model. Am. J. Sports Med. 48 (5), 1189–1199. doi:10.1177/0363546520906142
 Jo, C. H., Kim, J. E., Yoon, K. S., and Shin, S. (2012). Platelet-rich plasma stimulates cell proliferation and enhances matrix gene expression and synthesis in tenocytes from human rotator cuff tendons with degenerative tears. Am. J. Sports Med. 40 (5), 1035–1045. doi:10.1177/0363546512437525
 Jo, C. H., Lee, S. Y., Yoon, K. S., Oh, S., and Shin, S. (2018). Allogenic Pure Platelet-Rich Plasma Therapy for Rotator Cuff Disease: A Bench and Bed Study. Am. J. Sports Med. 46 (13), 3142–3154. doi:10.1177/0363546518800268
 Jo, C. H., Shin, J. S., Lee, Y. G., Shin, W. H., Kim, H., Lee, S. Y., et al. (2013). Platelet-rich plasma for arthroscopic repair of large to massive rotator cuff tears: a randomized, single-blind, parallel-group trial. Am. J. Sports Med. 41 (10), 2240–2248. doi:10.1177/0363546513497925
 John, T., Lodka, D., Kohl, B., Ertel, W., Jammrath, J., Conrad, C., et al. (2010). Effect of pro-inflammatory and immunoregulatory cytokines on human tenocytes. J. Orthop. Res. 28 (8), 1071–1077. doi:10.1002/jor.21079
 Jones, G. C., Corps, A. N., Pennington, C. J., Clark, I. M., Edwards, D. R., Bradley, M. M., et al. (2006). Expression profiling of metalloproteinases and tissue inhibitors of metalloproteinases in normal and degenerate human achilles tendon. Arthritis Rheum. 54 (3), 832–842. doi:10.1002/art.21672
 Kajikawa, Y., Morihara, T., Sakamoto, H., Matsuda, K., Oshima, Y., Yoshida, A., et al. (2008). Platelet-rich plasma enhances the initial mobilization of circulation-derived cells for tendon healing. J. Cell Physiol. 215 (3), 837–845. doi:10.1002/jcp.21368
 Kajikawa, Y., Morihara, T., Watanabe, N., Sakamoto, H., Matsuda, K., Kobayashi, M., et al. (2007). GFP chimeric models exhibited a biphasic pattern of mesenchymal cell invasion in tendon healing. J. Cell Physiol. 210 (3), 684–691. doi:10.1002/jcp.20876
 Kannus, P. (2000). Structure of the tendon connective tissue. Scand. J. Med. Sci. Sports 10 (6), 312–320. doi:10.1034/j.1600-0838.2000.010006312.x
 Katzel, E. B., Wolenski, M., Loiselle, A. E., Basile, P., Flick, L. M., Langstein, H. N., et al. (2011). Impact of Smad3 loss of function on scarring and adhesion formation during tendon healing. J. Orthop. Res. 29 (5), 684–693. doi:10.1002/jor.21235
 Kaux, J. F., and Crielaard, J. M. (2013). Platelet-rich plasma application in the management of chronic tendinopathies. Acta Orthop. Belg 79 (1), 10–15.
 Kawase, T., Tanaka, T., Okuda, K., Tsuchimochi, M., Oda, M., and Hara, T. (2015). Quantitative single-cell motility analysis of platelet-rich plasma-treated endothelial cells in vitro. Cytoskelet. Hob. 72 (5), 246–255. doi:10.1002/cm.21221
 Kearney, R. S., Ji, C., Warwick, J., Parsons, N., Brown, J., Harrison, P., et al. (2021). Effect of Platelet-Rich Plasma Injection vs Sham Injection on Tendon Dysfunction in Patients With Chronic Midportion Achilles Tendinopathy: A Randomized Clinical Trial. JAMA 326 (2), 137–144. doi:10.1001/jama.2021.6986
 Kelly, B. A., Proffen, B. L., Haslauer, C. M., and Murray, M. M. (2016). Platelets and plasma stimulate sheep rotator cuff tendon tenocytes when cultured in an extracellular matrix scaffold. J. Orthop. Res. 34 (4), 623–629. doi:10.1002/jor.23058
 Kielty, C. M., Sherratt, M. J., and Shuttleworth, C. A. (2002). Elastic fibres. J. Cell Sci. 115 (Pt 14), 2817–2828. doi:10.1242/jcs.115.14.2817
 Killian, M. L., Cavinatto, L., Galatz, L. M., and Thomopoulos, S. (2012). The role of mechanobiology in tendon healing. J. Shoulder Elb. Surg. 21 (2), 228–237. doi:10.1016/j.jse.2011.11.002
 Kim, D. H., Je, Y. J., Kim, C. D., Lee, Y. H., Seo, Y. J., Lee, J. H., et al. (2011). Can Platelet-rich Plasma Be Used for Skin Rejuvenation? Evaluation of Effects of Platelet-rich Plasma on Human Dermal Fibroblast. Ann. Dermatol 23 (4), 424–431. doi:10.5021/ad.2011.23.4.424
 Kjaer, M., Langberg, H., Heinemeier, K., Bayer, M. L., Hansen, M., Holm, L., et al. (2009). From mechanical loading to collagen synthesis, structural changes and function in human tendon. Scand. J. Med. Sci. Sports 19 (4), 500–510. doi:10.1111/j.1600-0838.2009.00986.x
 Knobloch, K. (2016). Drug-Induced Tendon Disorders. Adv. Exp. Med. Biol. 920, 229–238. doi:10.1007/978-3-319-33943-6_22
 Kobayashi, Y., Saita, Y., Nishio, H., Ikeda, H., Takazawa, Y., Nagao, M., et al. (2016). Leukocyte concentration and composition in platelet-rich plasma (PRP) influences the growth factor and protease concentrations. J. Orthop. Sci. 21 (5), 683–689. doi:10.1016/j.jos.2016.07.009
 Kobayashi, Y., Saita, Y., Takaku, T., Yokomizo, T., Nishio, H., Ikeda, H., et al. (2020). Platelet-rich plasma (PRP) accelerates murine patellar tendon healing through enhancement of angiogenesis and collagen synthesis. J. Exp. Orthop. 7 (1), 49. doi:10.1186/s40634-020-00267-1
 Kohler, J., Popov, C., Klotz, B., Alberton, P., Prall, W. C., Haasters, F., et al. (2013). Uncovering the cellular and molecular changes in tendon stem/progenitor cells attributed to tendon aging and degeneration. Aging Cell 12 (6), 988–999. doi:10.1111/acel.12124
 Kon, E., Filardo, G., Delcogliano, M., Presti, M. L., Russo, A., Bondi, A., et al. (2009). Platelet-rich plasma: New clinical application. Injury 40 (6), 598–603. doi:10.1016/j.injury.2008.11.026
 Korntner, S., Lehner, C., Gehwolf, R., Wagner, A., Grutz, M., Kunkel, N., et al. (2019). Limiting angiogenesis to modulate scar formation. Adv. Drug Deliv. Rev. 146, 170–189. doi:10.1016/j.addr.2018.02.010
 Krogh, T. P., Ellingsen, T., Christensen, R., Jensen, P., and Fredberg, U. (2016). Ultrasound-Guided Injection Therapy of Achilles Tendinopathy With Platelet-Rich Plasma or Saline: A Randomized, Blinded, Placebo-Controlled Trial. Am. J. Sports Med. 44 (8), 1990–1997. doi:10.1177/0363546516647958
 Lakemeier, S., Reichelt, J. J., Patzer, T., Fuchs-Winkelmann, S., Paletta, J. R., and Schofer, M. D. (2010). The association between retraction of the torn rotator cuff and increasing expression of hypoxia inducible factor 1α and vascular endothelial growth factor expression: an immunohistological study. BMC Musculoskelet. Disord. 11, 230. doi:10.1186/1471-2474-11-230
 Lana, J. F., Huber, S. C., Purita, J., Tambeli, C. H., Santos, G. S., Paulus, C., et al. (2019). Leukocyte-rich PRP versus leukocyte-poor PRP - The role of monocyte/macrophage function in the healing cascade. J. Clin. Orthop. Trauma 10 (Suppl. 1), S7–S12. doi:10.1016/j.jcot.2019.05.008
 Le, A. D. K., Enweze, L., DeBaun, M. R., and Dragoo, J. L. (2018). Current Clinical Recommendations for Use of Platelet-Rich Plasma. Curr. Rev. Musculoskelet. Med. 11 (4), 624–634. doi:10.1007/s12178-018-9527-7
 Leblanc, D. R., Schneider, M., Angele, P., Vollmer, G., and Docheva, D. (2017). The effect of estrogen on tendon and ligament metabolism and function. J. Steroid Biochem. Mol. Biol. 172, 106–116. doi:10.1016/j.jsbmb.2017.06.008
 Lee, S., Hwang, C., Marini, S., Tower, R. J., Qin, Q., Negri, S., et al. (2021). NGF-TrkA signaling dictates neural ingrowth and aberrant osteochondral differentiation after soft tissue trauma. Nat. Commun. 12 (1), 4939. doi:10.1038/s41467-021-25143-z
 Li, H. Y., and Hua, Y. H. (2016). Achilles Tendinopathy: Current Concepts about the Basic Science and Clinical Treatments. Biomed. Res. Int. 2016, 1–9. doi:10.1155/2016/6492597
 Li, S., Wu, Y., Jiang, G., Tian, X., Hong, J., Chen, S., et al. (2020). Intratendon delivery of leukocyte-rich platelet-rich plasma at early stage promotes tendon repair in a rabbit Achilles tendinopathy model. J. Tissue Eng. Regen. Med. 14 (3), 452–463. doi:10.1002/term.3006
 Li, W., Kohara, H., Uchida, Y., James, J. M., Soneji, K., Cronshaw, D. G., et al. (2013). Peripheral nerve-derived CXCL12 and VEGF-A regulate the patterning of arterial vessel branching in developing limb skin. Dev. Cell 24 (4), 359–371. doi:10.1016/j.devcel.2013.01.009
 Li, Y., Liu, X., Liu, X., Peng, Y., Zhu, B., Guo, S., et al. (2022). Transforming growth factor-beta signalling pathway in tendon healing. Growth factors. 40, 98–107. doi:10.1080/08977194.2022.2082294
 Li, Z. J., Yang, Q. Q., and Zhou, Y. L. (2021). Basic Research on Tendon Repair: Strategies, Evaluation, and Development. Front. Med. (Lausanne) 8, 664909. doi:10.3389/fmed.2021.664909
 Li, Z., Meyers, C. A., Chang, L., Lee, S., Li, Z., Tomlinson, R., et al. (2019). Fracture repair requires TrkA signaling by skeletal sensory nerves. J. Clin. Invest. 129 (12), 5137–5150. doi:10.1172/JCI128428
 Lin, C. Y., Huang, S. C., Tzou, S. J., Yin, C. H., Chen, J. S., Chen, Y. S., et al. (2023). Tendon Disorders in Chronic Liver Disease: A Retrospective Cohort Study in Taiwan. Int. J. Environ. Res. Public Health 20 (6), 4983. doi:10.3390/ijerph20064983
 Lin, K. Y., Chen, P., Chen, A. C., Chan, Y. S., Lei, K. F., and Chiu, C. H. (2022). Leukocyte-Rich Platelet-Rich Plasma Has Better Stimulating Effects on Tenocyte Proliferation Compared With Leukocyte-Poor Platelet-Rich Plasma. Orthop. J. Sports Med. 10 (3), 232596712210847. doi:10.1177/23259671221084706
 Lin, T. W., Cardenas, L., Glaser, D. L., and Soslowsky, L. J. (2006). Tendon healing in interleukin-4 and interleukin-6 knockout mice. J. Biomech. 39 (1), 61–69. doi:10.1016/j.jbiomech.2004.11.009
 Lipman, K., Wang, C., Ting, K., Soo, C., and Zheng, Z. (2018). Tendinopathy: injury, repair, and current exploration. Drug Des. Devel Ther. 12, 591–603. doi:10.2147/DDDT.S154660
 Liu, C. J., Yu, K. L., Bai, J. B., Tian, D. H., and Liu, G. L. (2019). Platelet-rich plasma injection for the treatment of chronic Achilles tendinopathy: A meta-analysis. Med. Baltim. 98 (16), e15278. doi:10.1097/MD.0000000000015278
 Liu, J., Han, W., Chen, L., and Tang, K. (2016). Mechanism of osteogenic and adipogenic differentiation of tendon stem cells induced by sirtuin 1. Mol. Med. Rep. 14 (2), 1643–1648. doi:10.3892/mmr.2016.5417
 Liu, X., Zhang, R., Zhu, B., Li, Y., Liu, X., Guo, S., et al. (2021a). Effects of leukocyte- and platelet-rich plasma on tendon disorders based on in vitro and in vivo studies (Review). Exp. Ther. Med. 21 (6), 639. doi:10.3892/etm.2021.10071
 Liu, X., Zhu, B., Li, Y., Liu, X., Guo, S., Wang, C., et al. (2021b). The Role of Vascular Endothelial Growth Factor in Tendon Healing. Front. Physiol. 12, 766080. doi:10.3389/fphys.2021.766080
 Lo, I. K., Boorman, R., Marchuk, L., Hollinshead, R., Hart, D. A., and Frank, C. B. (2005). Matrix molecule mRNA levels in the bursa and rotator cuff of patients with full-thickness rotator cuff tears. Arthroscopy 21 (6), 645–651. doi:10.1016/j.arthro.2005.03.008
 Lu, H. T., Chang, W. T., Tsai, M. L., Chen, C. H., Chen, W. Y., and Mi, F. L. (2019). Development of Injectable Fucoidan and Biological Macromolecules Hybrid Hydrogels for Intra-Articular Delivery of Platelet-Rich Plasma. Mar. Drugs 17 (4), 236. doi:10.3390/md17040236
 Lyras, D. N., Kazakos, K., Verettas, D., Polychronidis, A., Tryfonidis, M., Botaitis, S., et al. (2009). The influence of platelet-rich plasma on angiogenesis during the early phase of tendon healing. Foot Ankle Int. 30 (11), 1101–1106. doi:10.3113/FAI.2009.1101
 Lyu, F. J., Cui, H., Pan, H., Mc Cheung, K., Cao, X., Iatridis, J. C., et al. (2021). Painful intervertebral disc degeneration and inflammation: from laboratory evidence to clinical interventions. Bone Res. 9 (1), 7. doi:10.1038/s41413-020-00125-x
 Macedo, C. S. G., Tadiello, F. F., Medeiros, L. T., Antonelo, M. C., Alves, M. A. F., and Mendonca, L. D. (2019). Physical Therapy Service delivered in the Polyclinic During the Rio 2016 Paralympic Games. Phys. Ther. Sport 36, 62–67. doi:10.1016/j.ptsp.2019.01.003
 Maffulli, N., Tallon, C., Wong, J., Lim, K. P., and Bleakney, R. (2003). Early weightbearing and ankle mobilization after open repair of acute midsubstance tears of the achilles tendon. Am. J. Sports Med. 31 (5), 692–700. doi:10.1177/03635465030310051001
 Malavolta, E. A., Gracitelli, M. E., Ferreira Neto, A. A., Assuncao, J. H., Bordalo-Rodrigues, M., and de Camargo, O. P. (2014). Platelet-rich plasma in rotator cuff repair: a prospective randomized study. Am. J. Sports Med. 42 (10), 2446–2454. doi:10.1177/0363546514541777
 Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A. (2002). Macrophage polarization: tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 23 (11), 549–555. doi:10.1016/s1471-4906(02)02302-5
 Marques, L. F., Stessuk, T., Camargo, I. C., Sabeh Junior, N., dos Santos, L., and Ribeiro-Paes, J. T. (2015). Platelet-rich plasma (PRP): methodological aspects and clinical applications. Platelets 26 (2), 101–113. doi:10.3109/09537104.2014.881991
 Marqueti, R. C., Parizotto, N. A., Chriguer, R. S., Perez, S. E., and Selistre-de-Araujo, H. S. (2006). Androgenic-anabolic steroids associated with mechanical loading inhibit matrix metallopeptidase activity and affect the remodeling of the achilles tendon in rats. Am. J. Sports Med. 34 (8), 1274–1280. doi:10.1177/0363546506286867
 Marx, R. E. (2004). Platelet-rich plasma: evidence to support its use. J. Oral Maxillofac. Surg. 62 (4), 489–496. doi:10.1016/j.joms.2003.12.003
 Masuda, K., Ishii, S., Ito, K., and Kuboki, Y. (2002). Biochemical analysis of collagen in adhesive tissues formed after digital flexor tendon injuries. J. Orthop. Sci. 7 (6), 665–671. doi:10.1007/s007760200118
 Mazzocca, A. D., McCarthy, M. B., Chowaniec, D. M., Cote, M. P., Romeo, A. A., Bradley, J. P., et al. (2012). Platelet-rich plasma differs according to preparation method and human variability. J. Bone Jt. Surg. Am. 94 (4), 308–316. doi:10.2106/JBJS.K.00430
 McCarrel, T. M., Minas, T., and Fortier, L. A. (2012). Optimization of leukocyte concentration in platelet-rich plasma for the treatment of tendinopathy. J. Bone Jt. Surg. Am. 94 (19), e143. doi:10.2106/JBJS.L.00019
 McNeilly, C. M., Banes, A. J., Benjamin, M., and Ralphs, J. R. (1996). Tendon cells in vivo form a three dimensional network of cell processes linked by gap junctions. J. Anat. 189 (Pt 3), 593–600.
 Millar, N. L., Gilchrist, D. S., Akbar, M., Reilly, J. H., Kerr, S. C., Campbell, A. L., et al. (2015). MicroRNA29a regulates IL-33-mediated tissue remodelling in tendon disease. Nat. Commun. 6, 6774. doi:10.1038/ncomms7774
 Millar, N. L., Hueber, A. J., Reilly, J. H., Xu, Y., Fazzi, U. G., Murrell, G. A., et al. (2010). Inflammation is present in early human tendinopathy. Am. J. Sports Med. 38 (10), 2085–2091. doi:10.1177/0363546510372613
 Millar, N. L., Murrell, G. A., and McInnes, I. B. (2017). Inflammatory mechanisms in tendinopathy - towards translation. Nat. Rev. Rheumatol. 13 (2), 110–122. doi:10.1038/nrrheum.2016.213
 Millar, N. L., Silbernagel, K. G., Thorborg, K., Kirwan, P. D., Galatz, L. M., Abrams, G. D., et al. (2021). Tendinopathy. Nat. Rev. Dis. Prim. 7 (1), 1. doi:10.1038/s41572-020-00234-1
 Millar, N. L., Wei, A. Q., Molloy, T. J., Bonar, F., and Murrell, G. A. (2009). Cytokines and apoptosis in supraspinatus tendinopathy. J. Bone Jt. Surg. Br. 91 (3), 417–424. doi:10.1302/0301-620X.91B3.21652
 Mobasheri, A., and Shakibaei, M. (2013). Is tendinitis an inflammatory disease initiated and driven by pro-inflammatory cytokines such as interleukin 1beta?Histol. Histopathol. 28 (8), 955–964. doi:10.14670/HH-28.955
 Molloy, T., Wang, Y., and Murrell, G. (2003). The roles of growth factors in tendon and ligament healing. Sports Med. 33 (5), 381–394. doi:10.2165/00007256-200333050-00004
 Morita, W., Dakin, S. G., Snelling, S. J. B., and Carr, A. J. (2017). Cytokines in tendon disease: A Systematic Review. Bone Jt. Res. 6 (12), 656–664. doi:10.1302/2046-3758.612.BJR-2017-0112.R1
 Moser, B., Wolf, M., Walz, A., and Loetscher, P. (2004). Chemokines: multiple levels of leukocyte migration control. Trends Immunol. 25 (2), 75–84. doi:10.1016/j.it.2003.12.005
 Moshiri, A., Oryan, A., Meimandi-Parizi, A., and Koohi-Hosseinabadi, O. (2014). Effectiveness of xenogenous-based bovine-derived platelet gel embedded within a three-dimensional collagen implant on the healing and regeneration of the Achilles tendon defect in rabbits. Expert Opin. Biol. Ther. 14 (8), 1065–1089. doi:10.1517/14712598.2014.915305
 Murray, I. R., Geeslin, A. G., Goudie, E. B., Petrigliano, F. A., and LaPrade, R. F. (2017). Minimum Information for Studies Evaluating Biologics in Orthopaedics (MIBO): Platelet-Rich Plasma and Mesenchymal Stem Cells. J. Bone Jt. Surg. Am. 99 (10), 809–819. doi:10.2106/JBJS.16.00793
 Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., et al. (2014). Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity 41 (1), 14–20. doi:10.1016/j.immuni.2014.06.008
 Nagae, M., Ikeda, T., Mikami, Y., Hase, H., Ozawa, H., Matsuda, K., et al. (2007). Intervertebral disc regeneration using platelet-rich plasma and biodegradable gelatin hydrogel microspheres. Tissue Eng. 13 (1), 147–158. doi:10.1089/ten.2006.0042
 Nazaroff, J., Oyadomari, S., Brown, N., and Wang, D. (2021). Reporting in clinical studies on platelet-rich plasma therapy among all medical specialties: A systematic review of Level I and II studies. PLoS One 16 (4), e0250007. doi:10.1371/journal.pone.0250007
 Nielsen, R. H., Holm, L., Malmgaard-Clausen, N. M., Reitelseder, S., Heinemeier, K. M., and Kjaer, M. (2014). Increase in tendon protein synthesis in response to insulin-like growth factor-I is preserved in elderly men. J. Appl. Physiol. (1985) 116 (1), 42–46. doi:10.1152/japplphysiol.01084.2013
 Nishio, H., Saita, Y., Kobayashi, Y., Takaku, T., Fukusato, S., Uchino, S., et al. (2020). Platelet-rich plasma promotes recruitment of macrophages in the process of tendon healing. Regen. Ther. 14, 262–270. doi:10.1016/j.reth.2020.03.009
 Nourissat, G., Berenbaum, F., and Duprez, D. (2015a). Tendon injury: from biology to tendon repair. Nat. Rev. Rheumatol. 11 (4), 223–233. doi:10.1038/nrrheum.2015.26
 Nourissat, G., Houard, X., Sellam, J., Duprez, D., and Berenbaum, F. (2013). Use of autologous growth factors in aging tendon and chronic tendinopathy. Front. Biosci. (Elite Ed. 5 (3), 911–921. doi:10.2741/e670
 Nourissat, G., Ornetti, P., Berenbaum, F., Sellam, J., Richette, P., and Chevalier, X. (2015b). Does platelet-rich plasma deserve a role in the treatment of tendinopathy?Jt. Bone Spine 82 (4), 230–234. doi:10.1016/j.jbspin.2015.02.004
 Nurden, A. T., Nurden, P., Sanchez, M., Andia, I., and Anitua, E. (2008). Platelets and wound healing. Front. Biosci. 13, 3532–3548. doi:10.2741/2947
 O'Brien, M. (1997). Structure and metabolism of tendons. Scand. J. Med. Sci. Sports 7 (2), 55–61. doi:10.1111/j.1600-0838.1997.tb00119.x
 Olesen, J. L., Heinemeier, K. M., Haddad, F., Langberg, H., Flyvbjerg, A., Kjaer, M., et al. (2006). Expression of insulin-like growth factor I, insulin-like growth factor binding proteins, and collagen mRNA in mechanically loaded plantaris tendon. J. Appl. Physiol. (1985) 101 (1), 183–188. doi:10.1152/japplphysiol.00636.2005
 Oliva, F., Barisani, D., Grasso, A., and Maffulli, N. (2011). Gene expression analysis in calcific tendinopathy of the rotator cuff. Eur. Cell Mater 21, 548–557. doi:10.22203/ecm.v021a41
 Pandey, V., Bandi, A., Madi, S., Agarwal, L., Acharya, K. K., Maddukuri, S., et al. (2016). Does application of moderately concentrated platelet-rich plasma improve clinical and structural outcome after arthroscopic repair of medium-sized to large rotator cuff tear? A randomized controlled trial. J. Shoulder Elb. Surg. 25 (8), 1312–1322. doi:10.1016/j.jse.2016.01.036
 Pauly, S., Klatte-Schulz, F., Stahnke, K., Scheibel, M., and Wildemann, B. (2018). The effect of autologous platelet rich plasma on tenocytes of the human rotator cuff. BMC Musculoskelet. Disord. 19 (1), 422. doi:10.1186/s12891-018-2339-5
 Peach, C. J., Mignone, V. W., Arruda, M. A., Alcobia, D. C., Hill, S. J., Kilpatrick, L. E., et al. (2018). Molecular Pharmacology of VEGF-A Isoforms: Binding and Signalling at VEGFR2. Int. J. Mol. Sci. 19 (4), 1264. doi:10.3390/ijms19041264
 Pennisi, E. (2002). Tending tender tendons. Science 295 (5557), 1011–1011. doi:10.1126/science.295.5557.1011
 Pifer, M. A., Maerz, T., Baker, K. C., and Anderson, K. (2014). Matrix metalloproteinase content and activity in low-platelet, low-leukocyte and high-platelet, high-leukocyte platelet rich plasma (PRP) and the biologic response to PRP by human ligament fibroblasts. Am. J. Sports Med. 42 (5), 1211–1218. doi:10.1177/0363546514524710
 Pufe, T., Petersen, W. J., Mentlein, R., and Tillmann, B. N. (2005). The role of vasculature and angiogenesis for the pathogenesis of degenerative tendons disease. Scand. J. Med. Sci. Sports 15 (4), 211–222. doi:10.1111/j.1600-0838.2005.00465.x
 Rahim, M., El Khoury, L. Y., Raleigh, S. M., Ribbans, W. J., Posthumus, M., Collins, M., et al. (2016). Human Genetic Variation, Sport and Exercise Medicine, and Achilles Tendinopathy: Role for Angiogenesis-Associated Genes. OMICS 20 (9), 520–527. doi:10.1089/omi.2016.0116
 Ramachandran, P., Pellicoro, A., Vernon, M. A., Boulter, L., Aucott, R. L., Ali, A., et al. (2012). Differential Ly-6C expression identifies the recruited macrophage phenotype, which orchestrates the regression of murine liver fibrosis. Proc. Natl. Acad. Sci. U. S. A. 109 (46), E3186–E3195. doi:10.1073/pnas.1119964109
 Ren, J., and Anversa, P. (2015). The insulin-like growth factor I system: physiological and pathophysiological implication in cardiovascular diseases associated with metabolic syndrome. Biochem. Pharmacol. 93 (4), 409–417. doi:10.1016/j.bcp.2014.12.006
 Riley, G. (2005). Chronic tendon pathology: molecular basis and therapeutic implications. Expert Rev. Mol. Med. 7 (5), 1–25. doi:10.1017/S1462399405008963
 Riley, G. P., Harrall, R. L., Cawston, T. E., Hazleman, B. L., and Mackie, E. J. (1996). Tenascin-C and human tendon degeneration. Am. J. Pathol. 149 (3), 933–943.
 Riley, G. P., Harrall, R. L., Constant, C. R., Chard, M. D., Cawston, T. E., and Hazleman, B. L. (1994a). Glycosaminoglycans of human rotator cuff tendons: changes with age and in chronic rotator cuff tendinitis. Ann. Rheum. Dis. 53 (6), 367–376. doi:10.1136/ard.53.6.367
 Riley, G. P., Harrall, R. L., Constant, C. R., Chard, M. D., Cawston, T. E., and Hazleman, B. L. (1994b). Tendon degeneration and chronic shoulder pain: changes in the collagen composition of the human rotator cuff tendons in rotator cuff tendinitis. Ann. Rheum. Dis. 53 (6), 359–366. doi:10.1136/ard.53.6.359
 Riley, G. (2008). Tendinopathy-from basic science to treatment. Nat. Clin. Pract. Rheumatol. 4 (2), 82–89. doi:10.1038/ncprheum0700
 Riley, G. (2004). The pathogenesis of tendinopathy. A molecular perspective. Rheumatol. Oxf. 43 (2), 131–142. doi:10.1093/rheumatology/keg448
 Roche, A. J., and Calder, J. D. (2013). Achilles tendinopathy: A review of the current concepts of treatment. Bone Jt. J. 95-B (10), 1299–1307. doi:10.1302/0301-620X.95B10.31881
 Rodeo, S. (2019). The Need for Minimum Reporting Standards for Studies of "Biologics" in Sports Medicine. Am. J. Sports Med. 47 (11), 2531–2532. doi:10.1177/0363546519872219
 Ruan, D., Fei, Y., Qian, S., Huang, Z., Chen, W., Tang, C., et al. (2021). Early-Stage Primary Anti-inflammatory Therapy Enhances the Regenerative Efficacy of Platelet-Rich Plasma in a Rabbit Achilles Tendinopathy Model. Am. J. Sports Med. 49 (12), 3357–3371. doi:10.1177/03635465211037354
 Ruffell, D., Mourkioti, F., Gambardella, A., Kirstetter, P., Lopez, R. G., Rosenthal, N., et al. (2009). A CREB-C/EBPβ cascade induces M2 macrophage-specific gene expression and promotes muscle injury repair. Proc. Natl. Acad. Sci. U. S. A. 106 (41), 17475–17480. doi:10.1073/pnas.0908641106
 Rui, Y. F., Lui, P. P., Wong, Y. M., Tan, Q., and Chan, K. M. (2013). Altered fate of tendon-derived stem cells isolated from a failed tendon-healing animal model of tendinopathy. Stem Cells Dev. 22 (7), 1076–1085. doi:10.1089/scd.2012.0555
 Russo, V., Mauro, A., Martelli, A., Di Giacinto, O., Di Marcantonio, L., Nardinocchi, D., et al. (2015). Cellular and molecular maturation in fetal and adult ovine calcaneal tendons. J. Anat. 226 (2), 126–142. doi:10.1111/joa.12269
 Ruzzini, L., Abbruzzese, F., Rainer, A., Longo, U. G., Trombetta, M., Maffulli, N., et al. (2014). Characterization of age-related changes of tendon stem cells from adult human tendons. Knee Surg. Sports Traumatol. Arthrosc. 22 (11), 2856–2866. doi:10.1007/s00167-013-2457-4
 Sahin, H., Tholema, N., Petersen, W., Raschke, M. J., and Stange, R. (2012). Impaired biomechanical properties correlate with neoangiogenesis as well as VEGF and MMP-3 expression during rat patellar tendon healing. J. Orthop. Res. 30 (12), 1952–1957. doi:10.1002/jor.22147
 Saito, M., Takahashi, K. A., Arai, Y., Inoue, A., Sakao, K., Tonomura, H., et al. (2009). Intraarticular administration of platelet-rich plasma with biodegradable gelatin hydrogel microspheres prevents osteoarthritis progression in the rabbit knee. Clin. Exp. Rheumatol. 27 (2), 201–207.
 Saltzman, B. M., Jain, A., Campbell, K. A., Mascarenhas, R., Romeo, A. A., Verma, N. N., et al. (2016). Does the Use of Platelet-Rich Plasma at the Time of Surgery Improve Clinical Outcomes in Arthroscopic Rotator Cuff Repair When Compared With Control Cohorts? A Systematic Review of Meta-analyses. Arthroscopy 32 (5), 906–918. doi:10.1016/j.arthro.2015.10.007
 Schemitsch, C., Chahal, J., Vicente, M., Nowak, L., Flurin, P. H., Lambers Heerspink, F., et al. (2019). Surgical repair versus conservative treatment and subacromial decompression for the treatment of rotator cuff tears: a meta-analysis of randomized trials. Bone Jt. J. 101-B (9), 1100–1106. doi:10.1302/0301-620X.101B9.BJJ-2018-1591.R1
 Schultz, G. S., Sibbald, R. G., Falanga, V., Ayello, E. A., Dowsett, C., Harding, K., et al. (2003). Wound bed preparation: a systematic approach to wound management. Wound Repair Regen. 11 (Suppl. 1), S1–S28. doi:10.1046/j.1524-475x.11.s2.1.x
 Scollon-Grieve, K. L., and Malanga, G. A. (2011). Platelet-rich plasma injection for partial patellar tendon tear in a high school athlete: a case presentation. PM R. 3 (4), 391–395. doi:10.1016/j.pmrj.2010.11.008
 Scott, A., Backman, L. J., and Speed, C. (2015). Tendinopathy: Update on Pathophysiology. J. Orthop. Sports Phys. Ther. 45 (11), 833–841. doi:10.2519/jospt.2015.5884
 Serhan, C. N., Chiang, N., and Van Dyke, T. E. (2008). Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nat. Rev. Immunol. 8 (5), 349–361. doi:10.1038/nri2294
 Sharma, P., and Maffulli, N. (2005). Basic biology of tendon injury and healing. Surgeon-Journal R. Coll. Surg. Edinb. Irel. 3 (5), 309–316. doi:10.1016/S1479-666x(05)80109-X
 Sharma, P., and Maffulli, N. (2006). Biology of tendon injury: healing, modeling and remodeling. J. Musculoskelet. Neuronal Interact. 6 (2), 181–190.
 Shin, M. K., Lee, J. W., Kim, Y. I., Kim, Y. O., Seok, H., and Kim, N. I. (2014). The effects of platelet-rich clot releasate on the expression of MMP-1 and type I collagen in human adult dermal fibroblasts: PRP is a stronger MMP-1 stimulator. Mol. Biol. Rep. 41 (1), 3–8. doi:10.1007/s11033-013-2718-9
 Simic, P., Zainabadi, K., Bell, E., Sykes, D. B., Saez, B., Lotinun, S., et al. (2013). SIRT1 regulates differentiation of mesenchymal stem cells by deacetylating beta-catenin. EMBO Mol. Med. 5 (3), 430–440. doi:10.1002/emmm.201201606
 Smith, W. L. (1989). The eicosanoids and their biochemical mechanisms of action. Biochem. J. 259 (2), 315–324. doi:10.1042/bj2590315
 Stalman, A., Bring, D., and Ackermann, P. W. (2015). Chemokine expression of CCL2, CCL3, CCL5 and CXCL10 during early inflammatory tendon healing precedes nerve regeneration: an immunohistochemical study in the rat. Knee Surg. Sports Traumatol. Arthrosc. 23 (9), 2682–2689. doi:10.1007/s00167-014-3010-9
 Steinmann, S., Pfeifer, C. G., Brochhausen, C., and Docheva, D. (2020). Spectrum of Tendon Pathologies: Triggers, Trails and End-State. Int. J. Mol. Sci. 21 (3), 844. doi:10.3390/ijms21030844
 Sundman, E. A., Cole, B. J., and Fortier, L. A. (2011). Growth factor and catabolic cytokine concentrations are influenced by the cellular composition of platelet-rich plasma. Am. J. Sports Med. 39 (10), 2135–2140. doi:10.1177/0363546511417792
 Takamura, M., Yasuda, T., Nakano, A., Shima, H., and Neo, M. (2017). The effect of platelet-rich plasma on Achilles tendon healing in a rabbit model. Acta Orthop. Traumatol. Turc 51 (1), 65–72. doi:10.1016/j.aott.2016.12.001
 Tang, C., Chen, Y., Huang, J., Zhao, K., Chen, X., Yin, Z., et al. (2018). The roles of inflammatory mediators and immunocytes in tendinopathy. J. Orthop. Transl. 14, 23–33. doi:10.1016/j.jot.2018.03.003
 Tang, J. B., Wu, Y. F., Cao, Y., Chen, C. H., Zhou, Y. L., Avanessian, B., et al. (2016). Basic FGF or VEGF gene therapy corrects insufficiency in the intrinsic healing capacity of tendons. Sci. Rep. 6, 20643. doi:10.1038/srep20643
 Tempfer, H., and Traweger, A. (2015). Tendon Vasculature in Health and Disease. Front. Physiol. 6, 330. doi:10.3389/fphys.2015.00330
 Thanasas, C., Papadimitriou, G., Charalambidis, C., Paraskevopoulos, I., and Papanikolaou, A. (2011). Platelet-rich plasma versus autologous whole blood for the treatment of chronic lateral elbow epicondylitis: a randomized controlled clinical trial. Am. J. Sports Med. 39 (10), 2130–2134. doi:10.1177/0363546511417113
 Thomopoulos, S., Das, R., Sakiyama-Elbert, S., Silva, M. J., Charlton, N., and Gelberman, R. H. (2010). bFGF and PDGF-BB for tendon repair: controlled release and biologic activity by tendon fibroblasts in vitro. Ann. Biomed. Eng. 38 (2), 225–234. doi:10.1007/s10439-009-9844-5
 Thorpe, C. T., Birch, H. L., Clegg, P. D., and Screen, H. R. (2013). The role of the non-collagenous matrix in tendon function. Int. J. Exp. Pathol. 94 (4), 248–259. doi:10.1111/iep.12027
 Thorpe, C. T., and Screen, H. R. (2016). Tendon Structure and Composition. Adv. Exp. Med. Biol. 920, 3–10. doi:10.1007/978-3-319-33943-6_1
 Throm, A. M., Liu, W. C., Lock, C. H., and Billiar, K. L. (2010). Development of a cell-derived matrix: effects of epidermal growth factor in chemically defined culture. J. Biomed. Mater Res. A 92 (2), 533–541. doi:10.1002/jbm.a.32369
 Tillander, B., Franzen, L., and Norlin, R. (2002). Fibronectin, MMP-1 and histologic changes in rotator cuff disease. J. Orthop. Res. 20 (6), 1358–1364. doi:10.1016/S0736-0266(02)00057-8
 Titan, A. L., Foster, D. S., Chang, J., and Longaker, M. T. (2019). Flexor Tendon: Development, Healing, Adhesion Formation, and Contributing Growth Factors. Plast. Reconstr. Surg. 144 (4), 639e–647e. doi:10.1097/PRS.0000000000006048
 Turk, A. C., Fidan, N., Ozcan, O., Ozkurt, S., Musmul, A., and Sahin, F. (2020). Comparison of shoulder Magnetic Resonance Imaging findings between patients with stage 4 chronic kidney disease and hemodialysis patients with healthy controls. J. Back Musculoskelet. Rehabil. 33 (2), 179–184. doi:10.3233/BMR-170896
 Voleti, P. B., Buckley, M. R., and Soslowsky, L. J. (2012). Tendon healing: repair and regeneration. Annu. Rev. Biomed. Eng. 14, 47–71. doi:10.1146/annurev-bioeng-071811-150122
 Walden, G., Liao, X., Donell, S., Raxworthy, M. J., Riley, G. P., and Saeed, A. (2017). A Clinical, Biological, and Biomaterials Perspective into Tendon Injuries and Regeneration. Tissue Eng. Part B Rev. 23 (1), 44–58. doi:10.1089/ten.TEB.2016.0181
 Wang, J. H., and Nirmala, X. (2016). Application of Tendon Stem/Progenitor Cells and Platelet-Rich Plasma to Treat Tendon Injuries. Oper. Tech. Orthop. 26 (2), 68–72. doi:10.1053/j.oto.2015.12.008
 Wang, X., Qiu, Y., Triffitt, J., Carr, A., Xia, Z., and Sabokbar, A. (2012). Proliferation and differentiation of human tenocytes in response to platelet rich plasma: an in vitro and in vivo study. J. Orthop. Res. 30 (6), 982–990. doi:10.1002/jor.22016
 Warden, S. J. (2007). Animal models for the study of tendinopathy. Br. J. Sports Med. 41 (4), 232–240. doi:10.1136/bjsm.2006.032342
 Wei, X. L., Lin, L., Hou, Y., Fu, X., Zhang, J. Y., Mao, Z. B., et al. (2008). Construction of recombinant adenovirus co-expression vector carrying the human transforming growth factor-β1 and vascular endothelial growth factor genes and its effect on anterior cruciate ligament fibroblasts. Chin. Med. J. Engl. 121 (15), 1426–1432. doi:10.1097/00029330-200808010-00017
 Weng, H. P., Cheng, Y. Y., Lee, H. L., Hsu, T. Y., Chang, Y. T., and Shen, Y. A. (2021). Enhanced Platelet-Rich Plasma (ePRP) Stimulates Wound Healing through Effects on Metabolic Reprogramming in Fibroblasts. Int. J. Mol. Sci. 22 (23), 12623. doi:10.3390/ijms222312623
 Willecke, K., Eiberger, J., Degen, J., Eckardt, D., Romualdi, A., Guldenagel, M., et al. (2002). Structural and functional diversity of connexin genes in the mouse and human genome. Biol. Chem. 383 (5), 725–737. doi:10.1515/BC.2002.076
 Williams, T. J. (1979). Prostaglandin E2, prostaglandin I2 and the vascular changes of inflammation. Br. J. Pharmacol. 65 (3), 517–524. doi:10.1111/j.1476-5381.1979.tb07860.x
 Witt, B. L., and Hyer, C. F. (2012). Achilles tendon reattachment after surgical treatment of insertional tendinosis using the suture bridge technique: a case series. J. Foot Ankle Surg. 51 (4), 487–493. doi:10.1053/j.jfas.2012.03.006
 Wong, C. C., Huang, Y. M., Chen, C. H., Lin, F. H., Yeh, Y. Y., and Bai, M. Y. (2020). Cytokine and Growth Factor Delivery from Implanted Platelet-Rich Fibrin Enhances Rabbit Achilles Tendon Healing. Int. J. Mol. Sci. 21 (9), 3221. doi:10.3390/ijms21093221
 Wong, J. K., Lui, Y. H., Kapacee, Z., Kadler, K. E., Ferguson, M. W., and McGrouther, D. A. (2009). The cellular biology of flexor tendon adhesion formation: an old problem in a new paradigm. Am. J. Pathol. 175 (5), 1938–1951. doi:10.2353/ajpath.2009.090380
 Wu, F., Nerlich, M., and Docheva, D. (2017). Tendon injuries: Basic science and new repair proposals. EFORT Open Rev. 2 (7), 332–342. doi:10.1302/2058-5241.2.160075
 Wynn, T. A., and Vannella, K. M. (2016). Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 44 (3), 450–462. doi:10.1016/j.immuni.2016.02.015
 Xie, X., Zhang, C., and Tuan, R. S. (2014). Biology of platelet-rich plasma and its clinical application in cartilage repair. Arthritis Res. Ther. 16 (1), 204. doi:10.1186/ar4493
 Xu, K., Al-Ani, M. K., Sun, Y., Xu, W., Pan, L., Song, Y., et al. (2017). Platelet-rich plasma activates tendon-derived stem cells to promote regeneration of Achilles tendon rupture in rats. J. Tissue Eng. Regen. Med. 11 (4), 1173–1184. doi:10.1002/term.2020
 Xu, Q., Chen, J., and Cheng, L. (2019). Comparison of platelet rich plasma and corticosteroids in the management of lateral epicondylitis: A meta-analysis of randomized controlled trials. Int. J. Surg. 67, 37–46. doi:10.1016/j.ijsu.2019.05.003
 Xu, Y., Wang, X., Liu, W., and Lu, W. (2021). Thrombin-activated platelet-rich plasma enhances osteogenic differentiation of human periodontal ligament stem cells by activating SIRT1-mediated autophagy. Eur. J. Med. Res. 26 (1), 105. doi:10.1186/s40001-021-00575-x
 Yamada, T., Gotoh, M., Nakama, K., Mitsui, Y., Higuchi, F., and Nagata, K. (2007). Effects of hyaluronan on cell proliferation and mRNA expression of procollagens alpha 1 (I) and alpha 1 (III) in tendon-derived fibroblasts from patients with rotator cuff disease: an in vitro study. Am. J. Sports Med. 35 (11), 1870–1876. doi:10.1177/0363546507305015
 Yan, R., Gu, Y., Ran, J., Hu, Y., Zheng, Z., Zeng, M., et al. (2017). Intratendon Delivery of Leukocyte-Poor Platelet-Rich Plasma Improves Healing Compared With Leukocyte-Rich Platelet-Rich Plasma in a Rabbit Achilles Tendinopathy Model. Am. J. Sports Med. 45 (8), 1909–1920. doi:10.1177/0363546517694357
 Yang, G., Im, H. J., and Wang, J. H. (2005). Repetitive mechanical stretching modulates IL-1β induced COX-2, MMP-1 expression, and PGE2 production in human patellar tendon fibroblasts. Gene 363, 166–172. doi:10.1016/j.gene.2005.08.006
 Yoon, J. Y., Lee, S. Y., Shin, S., Yoon, K. S., and Jo, C. H. (2018). Comparative Analysis of Platelet-rich Plasma Effect on Tenocytes from Normal Human Rotator Cuff Tendon and Human Rotator Cuff Tendon with Degenerative Tears. Clin. Shoulder Elb. 21 (1), 3–14. doi:10.5397/cise.2018.21.1.3
 Yoshida, M., Funasaki, H., Saito, M., Kajitani, K., and Fujii, K. (2003). Pathologic gene expression in adhesive subacromial bursae of human shoulder. Clin. Orthop. Relat. Res. 412, 57–64. doi:10.1097/01.blo.0000071757.07450.3f
 Yu, T. Y., Pang, J. H., Wu, K. P., Lin, L. P., Tseng, W. C., and Tsai, W. C. (2015). Platelet-rich plasma increases proliferation of tendon cells by modulating Stat3 and p27 to up-regulate expression of cyclins and cyclin-dependent kinases. Cell Prolif. 48 (4), 413–420. doi:10.1111/cpr.12189
 Yu, T. Y., Pang, J. S., Lin, L. P., Cheng, J. W., Liu, S. J., and Tsai, W. C. (2021). Platelet-Rich Plasma Releasate Promotes Early Healing in Tendon After Acute Injury. Orthop. J. Sports Med. 9 (4), 232596712199037. doi:10.1177/2325967121990377
 Yuan, T., Zhang, C. Q., and Wang, J. H. (2013). Augmenting tendon and ligament repair with platelet-rich plasma (PRP). Muscles Ligaments Tendons J. 3 (3), 139–149. doi:10.32098/mltj.03.2013.05
 Zayni, R., Thaunat, M., Fayard, J. M., Hager, J. P., Carrillon, Y., Clechet, J., et al. (2015). Platelet-rich plasma as a treatment for chronic patellar tendinopathy: comparison of a single versus two consecutive injections. Muscles Ligaments Tendons J. 5 (2), 92–98. doi:10.32098/mltj.02.2015.07
 Zhang, J., Li, F., Augi, T., Williamson, K. M., Onishi, K., Hogan, M. V., et al. (2021a). Platelet HMGB1 in Platelet-Rich Plasma (PRP) promotes tendon wound healing. PLoS One 16 (9), e0251166. doi:10.1371/journal.pone.0251166
 Zhang, J., Middleton, K. K., Fu, F. H., Im, H. J., and Wang, J. H. (2013). HGF mediates the anti-inflammatory effects of PRP on injured tendons. PLoS One 8 (6), e67303. doi:10.1371/journal.pone.0067303
 Zhang, J., Pan, T., Liu, Y., and Wang, J. H. (2010). Mouse treadmill running enhances tendons by expanding the pool of tendon stem cells (TSCs) and TSC-related cellular production of collagen. J. Orthop. Res. 28 (9), 1178–1183. doi:10.1002/jor.21123
 Zhang, J., and Wang, J. H. (2010a). Mechanobiological response of tendon stem cells: implications of tendon homeostasis and pathogenesis of tendinopathy. J. Orthop. Res. 28 (5), 639–643. doi:10.1002/jor.21046
 Zhang, J., and Wang, J. H. (2010b). Platelet-rich plasma releasate promotes differentiation of tendon stem cells into active tenocytes. Am. J. Sports Med. 38 (12), 2477–2486. doi:10.1177/0363546510376750
 Zhang, J., and Wang, J. H. (2014). PRP treatment effects on degenerative tendinopathy - an in vitro model study. Muscles Ligaments Tendons J. 4 (1), 10–17. doi:10.32098/mltj.01.2014.03
 Zhang, K., Asai, S., Yu, B., and Enomoto-Iwamoto, M. (2015). IL-1β irreversibly inhibits tenogenic differentiation and alters metabolism in injured tendon-derived progenitor cells in vitro. Biochem. Biophys. Res. Commun. 463 (4), 667–672. doi:10.1016/j.bbrc.2015.05.122
 Zhang, L., Chen, S., Chang, P., Bao, N., Yang, C., Ti, Y., et al. (2016a). Harmful Effects of Leukocyte-Rich Platelet-Rich Plasma on Rabbit Tendon Stem Cells in vitro. Am. J. Sports Med. 44 (8), 1941–1951. doi:10.1177/0363546516644718
 Zhang, X., Lin, Y. C., Rui, Y. F., Xu, H. L., Chen, H., Wang, C., et al. (2016b). Therapeutic Roles of Tendon Stem/Progenitor Cells in Tendinopathy. Stem Cells Int. 2016, 1–14. doi:10.1155/2016/4076578
 Zhang, Y. E. (2017). Non-Smad Signaling Pathways of the TGF-beta Family. Cold Spring Harb. Perspect. Biol. 9 (2), a022129. doi:10.1101/cshperspect.a022129
 Zhang, Y. J., Chen, X., Li, G., Chan, K. M., Heng, B. C., Yin, Z., et al. (2018). Concise Review: Stem Cell Fate Guided By Bioactive Molecules for Tendon Regeneration. Stem Cells Transl. Med. 7 (5), 404–414. doi:10.1002/sctm.17-0206
 Zhang, Z., Li, Y., Zhang, T., Shi, M., Song, X., Yang, S., et al. (2021b). Hepatocyte Growth Factor-Induced Tendon Stem Cell Conditioned Medium Promotes Healing of Injured Achilles Tendon. Front. Cell Dev. Biol. 9, 654084. doi:10.3389/fcell.2021.654084
 Zhou, Y., and Wang, J. H. (2016). PRP Treatment Efficacy for Tendinopathy: A Review of Basic Science Studies. Biomed. Res. Int. 2016, 1–8. doi:10.1155/2016/9103792
 Zhou, Y., Zhang, J., Wu, H., Hogan, M. V., and Wang, J. H. (2015). The differential effects of leukocyte-containing and pure platelet-rich plasma (PRP) on tendon stem/progenitor cells - implications of PRP application for the clinical treatment of tendon injuries. Stem Cell Res. Ther. 6, 173. doi:10.1186/s13287-015-0172-4
 Zimmermann, R., Jakubietz, R., Jakubietz, M., Strasser, E., Schlegel, A., Wiltfang, J., et al. (2001). Different preparation methods to obtain platelet components as a source of growth factors for local application. Transfusion 41 (10), 1217–1224. doi:10.1046/j.1537-2995.2001.41101217.x
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Lu, Li, Zhang, Xu, Wang and Jin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1187974-g005.gif





OPS/images/fbioe-11-1187974-g006.gif





OPS/images/fbioe-11-1187974-g003.gif





OPS/images/fbioe-11-1187974-g004.gif





OPS/images/fbioe-11-1187974-t002.jpg
Growth factors

Proposed function in tendon healing

PDGF-BB Chemotaxis, mitogenic, and pro-angiogenic induction

TGF-p Promoted collagen synthesis, neovascularization, and fibrosis/excessive scar formation, stimulated TSCs, and tenocyte differentiation and
proliferation

HGE Promoted TSC proliferation, migration, and ECM synthesis, prevented osteogenic differentiation of TSCs

bEGF Induced fibrogenic differentiation of circulating-derived mesenchymal stem cells and proliferation of TSCs, accelerated tendon-to-bone
healing

IGE-I and EGF Induced migration and proliferation of fibroblasts

Platelet-derived HMGB1

Inflammation regulation and stem cell migration induction

(Chan etal., 1997; Wei et al., 2008; Throm et al,, 2010; Katzel et al,, 2011; Yuan et al,, 2013; Nourissat et al,, 2015a; Evrova and Buschmann, 2017; Han et al,, 2019; Zhang]. et ., 2021; Zhang Z.

et al,, 2021).





OPS/images/fbioe-11-1187974-g007.gif
Stotois ang et
‘opicossticaion

flren

e Wypet
cotagenupgade

Hower & v S wer 8 R S e S wes
o Tooope @ Meoage B e D T @ reson
A TSC @ Oveoten @ Admeoe & Crandvete FPK Neowsossr

Cotogontires P Bodvessol £ T Motz ﬂ e cotogen





OPS/images/fbioe-11-1187974-t001.jpg
Phases Time Cellular and matrix ges Cytokines
Inflammatory 48h Aggregation of platelets, neutrophils, mononuclear macrophages, erythrocytes, and = 1L-6, IL-1B, TNF-a, bFGF, TGF-B,
‘mesenchymal stem cells, increased pro-inflammatory cytokine production PDGF, IGF-I, VEGF

Proliferation (reparative) 6-8 weeks  Increased cellularity and matrix production, activation of local TSCs, promoted type = PDGF, TGF-B, VEGF, EGF, IGF-

11T collagen synthesis 1, HGF

Remodeling (consolidation and
‘maturation)

1-2 years | Reduced cellularity and matrix production, reduced type I1l collagen, increased type | TGF-, IGE-I, GDE-5, GDE-6, and
1 collagen production, maturation of neovascularization GDF-7

(Schultz et al., 2003; Sharma and Maffulli, 2006; Battery and Maffulli, 2011; Del Buono et al, 2011; Voleti et al,, 2012; Kaux and Crielaard, 2013; Nourissat et al., 2013; Docheva et al,, 2015;
Marques et al., 2015; Chisari et al,, 2019; Li et al., 2021).






OPS/xhtml/nav.xhtml
Contents

		Cover

		Platelet-rich plasma in the pathologic processes of tendinopathy: a review of basic science studies		1 Introduction

		2 Physiology and pathology of tendon		2.1 Molecular and cellular composition of tendon

		2.2 Pathogenesis of tendinopathy

		2.3 Healing mechanism of injured tendon





		3 PRP-induced regeneration of degenerative tendon		3.1 Promotion of tendon cell differentiation and proliferation

		3.2 Promotion of tendon matrix synthesis and remodeling

		3.3 Regulation of tendon angiogenesis

		3.4 Regulation of inflammation





		4 The use of PRP in clinical practice or clinical trials

		5 Conclusion

		Author contributions

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-11-1187974-g001.gif
Macrostructure of tendon Microcomponent of tendon.






OPS/images/fbioe-11-1187974-g002.gif





OPS/images/fbioe-11-1187974-t003.jpg
Cytoking Proposed function in tendinopathy

IL-1p Pro-inflammatory cytokine induction, ECM remodeling, reduced type I collagen production, and inhibited tendonogenic differentiation of TSCs
IL6 Increased total collagen synthesis and inflammation regulation
TNF-a Increased pro-inflammatory cytokine production, reduced type I collagen production, and inhibited proliferation and tendonogenic

differentiation of TSCs

L4 Promoted acute inflammatory processes and associated with ECM homeostasis

IL-18 ECM remodeling and immune cell recruitment

L33 ECM remodeling and increased type III collagen and cytokine production

TGE-p Promoted collagen synthesis, neovascularization, and fibrosis/excessive scar formation; promoted immune tolerance; and decreased
inflammation

VEGF Induced inflammation, degraded the ECM, and promoted pathogenetic processes of degenerative tendon

(Hershey, 2003; Yang et al,, 2005; Lin et al,, 2006; Millar et al,, 2009; John etal,, 2010; Millar et al, 2010; Oliva etal., 2011; Mobasheri and Shakibaei, 2013; Campbell et al, 2014; Millar et al,, 2015;
Zhang et al., 2015; Han et al,, 2017; Tang et al.,, 2018; Titan et al, 2019).









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





